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Biological samples (e.g. blood, urine) contain significant amounts of information
with regard to physiological states, such as stress and reproduction. The detection and
diagnosis of these states often require hormone analysis or specific instrumentation. From
a holistic perspective, near infrared (NIR) spectroscopy is used to detect and differentiate
physiological states using spectral indices. In a quantitative context, three techniques
were compared for their ability to provide accurate and reliable biochemical indices to
determine urinary hormone concentrations. The objectives in this study were (1) to map
NIR profiles of reproductive metabolites in water, (2) to differentiate estrous, pregnancy,
and parturition using NIR, (3) to evaluate urinary normalization methods across stress
and reproductive profiles, and (4) to validate an assay for the quantification of stress
levels in urine and skin swabs. To investigate these objectives biological samples from
mares, giant pandas (Ailuropoda melanoleuca) and Colorado boreal toads (Anaxyrus
boreas boreas) were analyzed.
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LITERATURE REVIEW
Biodiversity loss
Earth’s biodiversity is threatened by interactions and pressures on account of
industrialization, pollution, agriculture, development, fragmentation, pathogenic diseases,
exploitation, and human exponential growth (Daszak et al. 1999; Lannoo 2012; Pounds et
al. 2006). Not only is the biodiversity of plants changing due to these measures, but
synergistic interactions are triggering the modern day extinction of animal species and
populations (Barnosky et al. 2011; Brook et al. 2008; Narayan 2013; Valiente-Banuet et
al. 2015). To date, the International Union for Conservation of Nature and Natural
Resources (IUCN), estimates 41% of amphibians, 35% of selected reptiles, 33% of reefforming corals, 31% of sharks and rays, 25% of mammals, 13% of birds, and 7% of
selected bony fish are considered threatened species (IUCN 2017). With the decrease in
species biodiversity, an increasing amount of scientists are acknowledging what has been
referred to as the sixth mass extinction (Barnosky et al. 2011). Bowkett (2009) describes
the concept of Noah’s ark and how scientists are implementing it as a tool for
understanding captive breeding and species reintroduction. Under this notion, species are
managed in captivity until threatening factors have decreased or been removed (Bowkett
2009).
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However, the assessment of populations and the conservation efforts required to
decrease or remove threatening factors is of a complex nature. From a research point of
view, the assessment of biodiversity is multifaceted with respect to the high intricacy and
interconnected webs of ecosystems. A majority of scientific research focuses on the
assessment of a single response variable within a controlled environment. Whether it be
the effect phosphate concentrations have on plant growth or the number of spermatozoa
produced from varying dosages of exogenous hormones. One particular field lacking in
fundamental techniques and practices is wildlife endocrinology. The current
comprehensive knowledge of mammalian endocrinology is inadequate, with only two
percent described in any form of detail, and even less is known about birds, reptiles,
amphibians, and invertebrates (Berger et al. 1999; Wildt et al. 2003)
With the shortage of scientific evidence, conservation and policy practitioners
struggle to identify foundational concepts required to effectively manage and preserve
populations; therefore, the field of wildlife endocrinology has emerged. Wildlife
endocrinology focuses on conservation physiology with a strong emphasis in the
assessment of reproductive science and animal welfare. Cooke et al. (2013) defines
conservation physiology as “an integrative scientific discipline applying physiological
concepts, tools, and knowledge to characterizing biological diversity and its ecological
implications; understanding and predicting how organisms, populations, and ecosystems
respond to environmental change and stressors; and solving conservation problems across
the broad range of taxa (i.e. including microbes, plants, and animals).”
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Non-invasive monitoring
Non-invasive monitoring within the wildlife and environmental endocrinology
field has become widely appreciated, applicable, and feasible for monitoring species
where invasive techniques are not valid. While at the forefront of non-invasive
monitoring, vertebrate physiologists have vastly contributed to the investigation and
improvement of stress, as well as reproductive endocrinology of threatened and
endangered species (Berger et al. 1999; Narayan 2013). With hormones present in a
variety of biological matrices, they can easily and reliably be analyzed for understanding
basic physiologic functions in regard to stress, reproduction, metabolic activity, health,
and animal welfare. Common matrices for hormone analysis in wildlife studies include
blood, saliva, skin swabs, urine, hair, and feces. Deciding the matrix to use may be
determined by the study’s overall goal, available assay techniques, species metabolic and
extraction mechanisms, and the accessibility of sample collection (Ganswindt et al.
2012).
Infrared Spectroscopy
Vibrational spectroscopy has been widely used to investigate molecular structures
and how they apply to the study of biology, chemistry, and physics (Tsenkova, Kovacs,
and Kubota 2015). One predominant technique of vibrational spectroscopy is infrared
(IR) spectroscopy. Dependent upon the physical state of a sample, the IR spectral region
(750–1000000 nm) has the ability to identify a molecular compound using predetermined classifications (Gowen et al. 2012). The IR region is comprised of three
subdivisions: near infrared (NIR; 750–2500 nm), mid-infrared (MIR; 2500–16000 nm),
and far infrared (FIR; 10–1 mm) as displayed below in Figure 1.1 (Gowen et al. 2012).
3

Figure 1.1

The electromagnetic spectrum

Gowen et al. (2012) briefly overviews a comparison between the three IR
subdivisions and their ability to detect molecules. Of the three subdivisions, the FIR
region is utilized the least for molecule identification due to the lack of performance by
thermal light sources and photon detectors. Bending and stretching of vibrational motions
construct fundamental frequencies within the MIR region, while bond-stretching
overtones occur in the NIR region. With NIR absorption bands overlapping and NIR
overtone intensities performing weaker than MIR fundamental frequencies, the MIR
range is more accurate at elucidating molecular structures; however, complex aqueous
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systems are difficult to analyze and adsorption problems become more prominent in the
MIR region (Gowen et al. 2012).
In addition, high levels of MIR energy are absorbed by water; therefore, path
lengths roughly between 10 and 100 µm are required to avoid signal saturation and
supply a strong enough signal (Gowen et al. 2012; Tsenkova 2009). With water
absorption intensities 100 to 1000 times weaker in the NIR region compared to the MIR
region, the ability to implicate greater sample thickness and direct measurements is
provided (Gowen et al. 2012; Gowen, Amigo, and Tsenkova 2013; Tsenkova 2015;
Tsenkova et al. 2004). According to Czarnecki et al. (2015), NIR spectroscopy acquires
unique advantages over MIR in regard to molecular and physical chemistry investigations
because “the NIR region is a spectral range of forbidden transitions within the harmonic
oscillator.” In other words, NIR light is easily transmitted through aqueous solutions with
weak absorption rates (Czarnecki et al. 2015). This essential characteristic permits
observations of interactions among and between water molecular vibrations, molecular
structures, and the function of the system as a whole (Czarnecki et al. 2015; Tsenkova,
Kovacs, and Kubota 2015).
Effects of Temperature on Near Infrared (NIR) Spectroscopy
In the 1960’s and 1970’s, physical chemists primarily used NIR spectroscopy to
investigate the physical and chemical properties of water and the effect of temperature on
water; however, changes in spectral NIR bands were not used for the determination of a
perturbation until 1985 (Hirschfeld 1985; Lin and Brown 1994). Researchers found
fluctuating temperatures alter the strength of a hydrogen bond in a water molecule,
resulting in spectral variations (Franks 1975; Gowen, Amigo, and Tsenkova 2013; Maeda
5

et al. 1995). With ambient temperatures influencing the NIR spectrum, the signal
defining the perturbation of interest may become obstructed. As reported in previous
studies (Gowen, Amigo, and Tsenkova 2013; Maeda et al. 1995; Segtnan et al. 2001), the
isosbestic point is around 1440–1442 nm and as temperatures increase, a shift in the first
overtone peak toward lower wavelengths is known as the “blue shift.” A study by
Gowen, Amigo, and Tsenkova et al. (2013), assessed the effects of three perturbations
including temperature, salt type, and salt concentrations. In this review, only the results
of temperature effects on NIR spectra will be discussed further. NIR transmission spectra
of Milli-Q water were obtained at temperatures ranging from 28 to 45 °C. Principal
component (PC) one and two described more than 99% of spectral variations, while the
third PC displayed a distinct nonlinear pattern (Gowen, Amigo, and Tsenkova 2013;
Segtnan et al. 2001). With the general shape of a Gaussian bell curve, PC3 displayed a
peak around 37 °C, then sloped downward to 45 °C (Gowen, Amigo, and Tsenkova
2013).
The single broad peak from 1440–1443 nm observed in the first PC represents an
OH bending and fundamental OH asymmetric stretching vibration (2v2 + v3) in the first
overtone (Gowen, Amigo, and Tsenkova 2013; Lin and Brown 1993). The second PC
displayed a positive peak at 1412 nm attributing to weaker hydrogen bonding (Segtnan et
al. 2001), while the negative loading band at 1492 nm corresponds to stronger hydrogen
bonding (Franks 1973; Gowen, Amigo, and Tsenkova 2013; Tsenkova, Kovacs, and
Kubota 2015). The opposing signs in the second PC loading bands indicate a proportional
increase of weakly bonded water and decrease in strongly bonded water as temperatures
increase (Tsenkova, Kovacs, and Kubota 2015). The weak hydrogen bonding at 1412 nm
6

can be described as either a combination of fundamental symmetric and asymmetric OH
stretching vibrations (v1 + v3) for water molecules with no hydrogen bonds (S0) (Franks
1973; Maeda et al. 1995) or the first overtone of the antisymmetric stretch for free OH in
the free water molecule (Czarnik-Matusewicz, Pilorz, and Hawranek 2005, Gowen,
Amigo, and Tsenkova 2013, Tsenkova, Kovacs, and Kubota 2005). The spectral peak at
1492 nm has previously been described as a combination of fundamental symmetric and
asymmetric OH stretching vibrations (v1 + v3) for water molecules with four hydrogen
bonds (S4) (Franks 1975, Gowen, Amigo, and Tsenkova 2013, Maeda et al. 1995,
Tsenkova, Kovacs, and Kubota 2015). As shown in Figure 1.2, ice water definitively
configures into a crystal lattice formation. Within the formation are three different water
molecule classifications to which are determined by the number of hydrogen bonds a
water molecule donates (D) or accepts (A) (Smit et al. 2017). For example, water
molecules to which donate two hydrogen bonds via hydroxyl (OH) groups and the
oxygen atom accepts one hydrogen bond is classified as a DDA molecule. With this, the
weakly bonded spectral peak at 1412 nm can be described as a DAA molecule due to a
free OH group in the water molecule, while the peak at 1492 nm describes a DDAA
molecule with all four hydrogen bonds.
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Figure 1.2

The molecular configuration of water

DAA: water molecule with a free OH group; DDA: water molecule with a lone pair;
DDAA: water molecules are fully coordinated (Modified from Smit et al. 2017)

The third PC loading displayed spectral features at 1393–1400 nm and 1438 nm.
The small band from 1393–1400 nm was negatively featured and possibly caused by
altering concentration of weakly bonded hydrogens in the water system (Franks 1975;
Gowen, Amigo, and Tsenkova 2013; Maeda et al. 1995; Segtnan et al. 2001). The
positive spectral peak at 1438 nm was previously designated as a third species of water
(Segtnan et al. 2001) or a protonated water dimer in the gas phase (Gowen, Amigo, and
Tsenkova 2013; Tsenkova 2009). The evidence of a curve shaped pattern in the third PC
indicates water molecules in an intermediate state of water balancing populations of
strongly bonded and weakly bonded water molecules (Gowen, Amigo, and Tsenkova
2013; Tsenkova, Kovacs, and Kubota 2015).
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Application of NIR Spectroscopy to Aqueous and Biological Systems
Water is the foundational matrix of biological samples; however, much of the
current biological research is focused on assessing a single biomolecule related to a
physiologic state or disease. These studies try to eliminate water in favor of isolating
proteins or biomolecules for direct analysis because the structure and function of proteins
and other biomolecules often rely on water as a medium. The influence and contribution
of water and how it impacts or contributes to aqueous and biological systems are
typically not taken into consideration. Implementing NIR spectroscopy, which transmits
light with low water absorption rates, provides the opportunity to examine biological
samples non-destructively, rapidly, and without sample preparation (Tsenkova, Kovacs,
and Kubota 2015). However, in order to use water as a means to analyze solutes
dissolved in the system by spectroscopy, the light must travel via simple transmission
without diffusion or absorption (Tsenkova, Kovacs, and Kubota 2015).
According to Tsenkova (2009) and Tsenkova, Kovacs, and Kubota (2015),
spectra collection in the NIR range allows for the observation of water molecular
vibrations in relation to other molecular vibrations and functions of the aqueous system.
Each spectrum reflects the light absorbance at wavelengths according to the perturbation
(concentration and/or structure) of each molecular molecule in the solvent (Tsenkova
2009; Tsenkova, Kovacs, and Kubota 2015). The transmitted light reflecting back out of
the water permits spectral assessment and measurements. This is referred to as the
extended water mirror approach because the transmitted light through the aqueous system
creates a spectrum containing an immense amount of information about the water
molecule’s hydrogen bonds, how they are related to the water structure, and how they are
9

affected by other molecules present in solution (Tsenkova 2009). The water mirror
approach focuses on the first water overtone, but the NIR range contains two dominant
broad peak overtones in addition to smaller distinct peaks known as combination water
band peaks (Tsenkova, Kovacs, and Kubota 2015).
Dimers, trimers, and clusters are distinct water molecular conformations
recognized to form and correlate with established water absorbance regions in the first
water overtone (Franks 1973; Robertson et al. 2003; Smith et al. 2005; Weber et al.
2000). These conformations are highly sensitive to solute molecule configurations,
hydrogen bonding, and charges, thus the NIR solvent spectrum has been demonstrated to
contain a significant amount of information about the existing solutes down to levels of
parts per billion (Gowen, Amigo, and Tsenkova 2013; Tsenkova 2004, 2009).
Concentration accuracy substantially decreases with lower concentrations, but improves
when analysis is focused directly within the first water overtone of 1300–1600 nm
(Tsenkova et al. 2007).
Water absorbance bands eliciting perturbations can be identified experimentally
and mathematically based on previously assigned water band overtone frequencies. For
example, well-known water absorbance bands were observed under perturbations such as
concentration of solutes (Nakakimura et al. 2012), nanoparticles (Matija et al. 2012),
unabsorbed molecules in the NIR range (Gowen, Amigo, and Tsenkova 2013),
temperature (Maeda et al. 1995; Segtnan et al. 2001), in studies assessing protein
solutions (Murayama et al. 2000), and various biological systems (Agcanas et al. 2017;
Counsell et al. 2017; Jinendra et al. 2010; Kinoshita et al. 2012; Matija et al. 2012;
Tsenkova et al. 2001; Tsenkova et al. 2004; Tsenkova 2009; Vance et al. 2017). Despite
10

consistent absorbance bands, multivariate analysis is required to calculate and identify
perturbations because spectral variances are minute and overlap in some NIR regions
(Seasholtz and Kowalski 1990; Tsenkova 2009).
Aquaphotomics
Water is the single common factor that all biological systems in the world share,
and a new field of research, called aquaphotomics, utilizes it as a matrix for
understanding solutes within the system. According to a theory proposed by Tsenkova
(2009), aquaphotomics means “all about water-light interactions” and is based on the
discovery that water acts as a ‘mirror.’ The extended water mirror image by water-light
interactions in biological and aqueous systems creates a spectral pattern that can be
implemented to characterize the system and affecting perturbations. This technique,
called the water mirror approach (WAMA), looks at the system as a whole and is based
off the presumption that all system components affect hydrogen bond conformation in the
water molecular matrix (Tsenkova 2009).
Water Matrix Coordinates (WAMACS)
In addition to introducing aquaphotomics as a new discipline, Tsenkova (2009) is
inventing a new language for ease in quantitatively and qualitatively comparing aqueous
and biological systems. The foundation of any language is the letters and symbols that
form words. Water matrix coordinates (WAMACS) are water absorbance bands located
within 12 information regions spanning the first water overtone in the 1300–1600 nm
range (Figure 1.3). Each region is affiliated with a contemporary assignment describing
the distribution of water molecules based on inter- and intra- covalent and hydrogen
11

bonds. In addition, regional assignments are positively correlated with wavelengths;
therefore, bond strength increases with increasing wavelengths. Wavelengths with high
absorbance values, located within the 12 regions, consequently provide information on
water molecule configurations in relation to system perturbation(s). These wavelengths
are assigned as WAMACS and represent the “letters” in the aquaphotomics language. To
establish letters within the spectrum, the following analyses can be implemented
individually or in combination: subtracted spectra, spectra derivatives, loadings of PCA,
vectors of PLS regression, and the discrimination power of Soft Independent Modeling of
Class Analogy (SIMCA). Spectrum “letters” collectively form a “word” describing the
water spectral pattern (WASP) (Tsenkova 2009).

Figure 1.3

Water matrix coordinate (WAMACS) regions
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Water Spectral Pattern (WASP) and Aquagram
WASPs are “words” or adjectives within the aquaphotomics language that
describe the perturbation of interest and how it affects the whole aqueous or biological
system. Tsenkova (2009) is the founding researcher of this language and introduced the
use of aquagrams to easily compare and contrast WASPs. The aquagram is a radial graph
developed to understand the functionality of water as a holistic system. WASPs depicted
in the aquagram are activated water bands where the light absorbance becomes
influenced by perturbations, resulting in the illustration of a unique spectral pattern. This
pattern encompasses physical and chemical information of the system because the
hydrogen bond network is easily influenced by low concentrations of solutes (Matija et
al. 2012). Water hydrogen bonds are easily influenced, thus aquaphotomics aims to use
these patterns as biomarkers to learn more about the water matrix and functions of the
biological systems. With WAMACS represented as “letters” to create the WASPs or
“words,” aquagrams exemplify a visual representation of WASPs (Tsenkova 2009).
Aquaphotome
As suggested by Tsenkova (2009) and Tsenkova (2017), aquaphotomics in
general is used to develop an aquaphotome database. An aquaphotome is a
comprehensive database which 1) includes all existing water bands and their water
molecular structure assignment and 2) interprets the function per system and perturbation
based on WASPs. Overall, a single aquaphotome is the collection of WAMACS and
WASPs for a specific perturbation and aqueous system; however, the entire aquaphotome
is constructed of aquaphotomes per system and perturbation. For instance, aquaphotomes
of milk, blood, urine, and other biological systems of a dairy cow collaborate for the
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characterization of the entire aquaphotome of a dairy cow. With new and continuing
studies on aqueous and biological systems, the aquaphotomics dictionary continues to
grow.
Applications of Aquaphotomics
Since the publication on the use of cow’s milk to diagnose mammary gland
inflammation in 2001 (Tsenkova et al.), various NIR spectra and multivariate models
have been investigated to compare respective perturbations and the common water bands
in a variety of aqueous and biological systems. The agriculture industry has continued
exploring the use of NIR in cow milk for detecting components and somatic cell counts
in order to diagnose mastitis (Putra et al. 2010). Following these studies, estrus detection
in milk was also investigated, and established models were found to be successful
(Takemura et al. 2015). Other studies included the identification of prion protein isoforms
(Tsenkova et al. 2004) and assessed the use of water analysis as a real time monitoring
tool in the spectra of prion protein solutions (Tsenkova 2010). Plant pathology
applications include soybean species identification from levels of cold resistance
(Jinendra et al. 2010; Jinendra 2010) and the diagnosis of soybean mosaic virus in
diseased plants (Jinendra 2010). Aquaphotomics has also been successful in assessing
environmental conditions relating to water quality, temperature, salt type, and salt
concentrations (Gowen et al. 2012; Gowen, Amigo, and Tsenkova 2013b). Another
interesting proposed application was the characterization of hydrogenated nanomaterial
(Matija et al. 2012). One study evaluated and compared the overall health status of
nanopurified sperm and control sperm using plasma samples from swine offspring
(Counsell et al. 2017). Other NIR studies based on animal biological systems include the
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diagnosis of estrus from mare serum (Agcanas, Counsell, Shappell, et al. 2017),
zearalanone effects from mare serum protein precipitate (Vance et al. 2017), and estrus
from the urine of a giant panda (Aliuropoda melanoleuca) (Kinoshita et al. 2012) and
orangutan (Pongo pygmaeus) (Kinoshita and Tsenkova 2015).
Urine Normalization
Because urine samples are readily and non-invasively obtained, they are reliable
sources for monitoring health and reproductive states in a number of species. The
collection of urine samples are typically opportunistic, minimalize stress, allow for
physical and chemical analysis, and longitudinal monitoring on an individual. However,
concentration of urinary metabolites is a function of individual urinary output and the
metabolite excretion rate; therefore, results are affected by water dilution factors (Matson
et al. 2008). In human and domestic animal research, hydration status has been of interest
in sports medicine, disease diagnosis, and quantifying metabolite concentrations (e.g.
hormone, drug, environmental chemical). With the new disciplines of wildlife
endocrinology and conservation physiology, research foundations are built on human and
domestic animal practice.
In the field of veterinary medicine, urinary analysis is gaining popularity due to
the ease of collection and advantage over current medical practices on assessing renal
function and disease. In a review by Waldrop (2008), domestic veterinary practice in
relation to renal function and urine chemistry is discussed. Chemical analysis of urine is
imperative for assessing kidney function and creatinine excretion rates. Kidneys
continuously work to facilitate homeostasis via blood filtration and adjusting urine solute
composition. Blood filtration entails the reabsorption and secretion of water and solutes
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and are responsible for altering urinary output of water, solutes, and elements. Charge
and size determines the fate of macromolecules (proteins) and cellular elements from
retention or excretion as the plasma passes through the glomerulus. Solute levels excreted
are determined by one or more of the following: dietary intake, renal threshold for
reabsorption, and hormonal influence. On the other hand, some solutes are neither
reabsorbed nor secreted (e.g. creatinine) (Waldrop 2008).
Creatinine
In 1905, creatinine (CR) was found to excrete at a relatively constant rate in
normal urine samples (Folin 1905). Folin was the first to introduce the use of picric acid
for the conversion of creatine to creatinine in urine samples; however, it was evident he
understood the influence of acidity on the chemical reaction from creatine to creatinine
(Taussky 1954) (Figures 1.4 and 1.5). In 1954, Taussky investigated the influence of
acids in the creatine conversion chemical reaction and proposed the use of the Jaffe
method for microcolorimetric determination of creatine. To this date, the gold standard
for measuring urine CR concentrations is the Jaffe reaction as described by Taussky
(1956). It is also the current standard practice in biological monitoring for adjusting
urinary metabolite values.
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Figure 1.4

Degradation of creatine to creatinine.

(Adapted from Jäger et al. 2011)

Figure 1.5

Jaffe reaction for the quantification of creatinine.

(Modified from de Lelis Medeiros de Morais and Gomes de Lima 2015)

Creatinine is a relatively small molecule with a molecular mass of 113 daltons,
has a high solubility factor of approximately 85g/L, and is produced by cyclization from
creatinine phosphate and creatine (Braun et al. 2003). Both creatine and creatinine
originate from the amino acids glycine, arginine, and methionine biosynthesis (Braun et
al. 2003). Not only is CR located in urine, but also serum, erythrocytes, and all body
secretions including sweat, bile, and gastrointestinal fluids (Narayanan and Appleton
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1980). CR is metabolized in vivo as a non-enzymatic breakdown product in muscles at a
relatively constant rate and diffuses into the blood stream (Montgomery et al. 1975; Wyss
and Kaddurah-Daouk 2000). The blood is then filtered by the glomerulus, located in the
kidney, and partially secreted by the tubule, but not reabsorbed (Diskin 2007; Proulx et
al. 2005; Trevisan 1990).
In human and veterinary clinical chemistry laboratories, CR is the most frequently
measured analyte for the indirect measurement of the glomerular filtration rate (Braun et
al. 2003). The daily creatine turnover rate in humans is 1.6–1.7% of the total body
creatine pool; therefore, the resulting 98% is stored in the muscles (Heymsfield et al.
1983; Love et al. 2016). For urinary assessment, the US Department of Health and
Human Services (DHHS) has established urinary dilution guidelines; CR concentrations
less than 20 mg/dL are to be considered dilute and unrepresentative for normalization
(DHHS 2004; DHHS 2015; Love et al. 2016). Hydration status, CR metabolism, and the
inaccuracies have been investigated in regard to human medicine, but similar experiments
are lacking in veterinary medicine and conservation physiology (Braun et al. 2003).
Error and Uncertainties with Creatinine
Human studies have assessed various conditions in regard to having negative
impacts on accurate CR quantification. Today it is well known that fluid intake, exercise,
medication use, muscle mass, renal functions, bodyweight (Barber and Wallis 1986), diet
(Jacobsen et al. 1979; Trevisan 1990), age and sex (James et al. 1988), pregnancy
(Sawyer et al. 1982; Sims and Krantz 1958), disease (Chadha et al. 2001; George 2001),
and demographic populations (Miller et al. 2004) may significantly alter CR levels in
urine (Barr et al. 2005; Love et al. 2016; Perrone et al. 1992). CR metabolite properties
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are sensitive to freeze-thaw cycles (Garde et al. 2003; Schneider et al. 2002), and
consequently are of high concern for transferring the Jaffe method into the discipline of
wildlife physiology. Garde et al. (2003) reported CR concentrations were not
significantly different after one cycle of freezing and thawing, but decreased with
increasing thaw cycles; therefore, they recommend dispensing urine into aliquots to
minimize CR concentration error.
An assessment of normalization of urinary metabolites and the glomerular
filtration rate (GFR) is discussed further in Waikar, Sabbisetti, and Bonventre (2010).
Renal disease and altered GFRs strongly influence the CR excretion rate. Urine
specimens were collected in a timed fashion from hospitalized patients with renal disease
or who were critically ill, and CR excretion rates exhibited variability across and within
individuals. As a result of high variability, CR normalization may result in an
underestimation or overestimation of the metabolite excretion rate. A method entailing
the collection of timed urine specimens is proposed to be the most accurate method,
provided the biomarker is stable over the period of collection (Waikar, Sabbisetti, and
Bonventre 2010).
Due to concerns in regard to CR accuracy in human urine, the occupational
medicine discipline primarily used urine osmolality (OS) and specific gravity (SG) in the
1950 to 1970s (Elkins 1969; Elkins and Pagnotto 1965; Yeh et al. 2015). Studies focusing
on OS and SG have shown use in regard to the efforts of these methods for urine
normalization (Love et al. 2016).
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Osmolality
In general, OS reflects an evenly distributed mixture of solutes when compared to
SG (Waldrop 2008), thus OS is the most accurate of the three correction methods when
assessing hydration status and urine concentration. Urine OS is defined as the number of
dissolved particles per unit of water in urine; therefore, it is only affected by the number
of particles present in the solution. OS has been shown to have vastly different normal
ranges across population demographics, animal breeds, and wildlife species. In humans, a
concentrated urine sample with adequate renal function results in an OS value of greater
than 1200 mOsm/kg (Waldrop 2008). Both canines and felines have wide normal urine
OS ranges, respectively spanning between 800 to 2500 mOsm/kg and 600 to 3000
mOsm/kg (Cottam et al. 2002; DiBartola 2012; Waldrop 2008). Socio-demographic and
medical conditions generally have a less dramatic relative influence on OS compared to
CR (Yeh et al. 2015). One downside to assessing OS is the financial expense of an
osmometer; however, the use of hand-held refractometers for SG measure is gaining
support with studies conducted in human and veterinary medicine.
Specific Gravity
Urine SG is commonly used by practitioners for estimating urine OS (Imran et al.
2010). SG is the ratio of the relative density of urine to water, thus dependent on the
weight, size, and number of solutes (Muscat et al. 2011). Refractometers are commonly
used today for measuring SG because they are fast, valid, and inexpensive. A
refractometer measures the refractive index or the degree to which the sample bends
light. The light angle depends on the concentration and type of solutes in the sample and
provides information into other properties (Brock et al. 2013). Urinary components such
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as salt, urea, sulfate, and phosphate concentrations are reflected in the SG value (Trevisan
1990). Molecules with a relatively large mass, such as glucose and proteins, are not
typically found in urine. If glucose, proteins, and other relatively large mass molecules
are present, then SG is not considered a valid estimation of OS or for normalization
(Chadha, Garg, and Alon 2001; Rose and Post 2001; Jennifer E. Waldrop 2008).
Colorimetric assays have also indicated concerns with accurate SG values if
specimens do not have a neutral pH of 7.0–7.5 (Adams 1983; Chadha, Garg, and Alon
2001; Dorner, Campos, and Bornsen 1984); however, there is no effect of pH on
refractometers (Chadha et al. 2001). In human medicine, a SG value between 1.001 and
1.003 is assigned dilute and unrepresentative for normalization (DHHS 2004; DHHS
2015; Edgell et al. 2002; Love et al. 2016). Previous literature proposes the estimation of
OS from SG values are equivalent to multiplying by 40,000 (Imran et al. 2010). Similarly
to CR, SG can be affected by diet and disease (Trevisan 1990). However, with healthy
patients, SG is a strong option for veterinary practitioners and wildlife endocrinologists
because it is fast, non-destructive, inexpensive, low maintenance, and portable with the
use of a hand-held refractometer.
Normalization Technique Comparisons
With OS as the standard for diagnosing hydration status in humans, it is also
implemented in veterinary practices as such. However, with the development of medical
hand-held refractometers in the 1960s, SG has become the measurement of choice for
reporting total solids concentrations in veterinary medicine (George 2001). A majority of
human studies to which investigate the relationship between CR, OS, and SG focus on
the human clinical practices for hydration status in relation to exercise and sports
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medicine and normalization for urinary drug screening. One study in particular
investigated the comparison of CR and SG as normalization factors for reproductive
concentrations (Miller et al. 2004). This study found SG to be a potential alternative to
CR for normalizing urinary steroid hormone concentrations in US and Bangladeshi
women (Miller et al. 2004).
Humans and primates have strong physiological resemblances; therefore, SG and
CR were compared in primate species for hormone concentration normalization. Anestis
et al. (2009) findings yielded strong positive correlations between urine SG and
traditional CR measurement in wild and captive chimpanzees. They also assessed the
stability and consistency of CR and SG after multiple freeze-thaw cycles. SG
measurements were found to be consistent across all cycles, but CR did show degradation
across cycles (Anestis et al. 2009). According to a recent study by White (2010), three
primate species were assessed for using SG as an alternative to CR for normalizing
hormone concentrations. All three species (human, gorilla, and wolly monkey) were
found to show strong correlations between urine SG and OS, thus suggested that SG and
CR are interchangeable for urinary hydration variability correcting in the respective
species. An earlier study in rhesus monkeys compared SG and CR as normalization
factors for the correction of estrone conjunction concentrations (Thibodeaux et al. 1989,
1990). The study’s results concluded urinary estradiol SG corrected hormone
concentrations will predict the same ovulation dates as estradiol concentrations corrected
by CR, thus SG maybe used as a replacement to CR when predicting ovulation in the
female rhesus monkey (Thibodeaux et al. 1989, 1990).
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Domestic animal urinary dilution correction studies have prominently focused on
canines and felines in regard to OS and SG (Di Bella et al. 2014; Dossin, Germain, and
Braun 2003; Hendriks, De Bruijne, and Van Den Brom 1978; Ross and Finco 1981). All
published experiments have reported SG as a reliable replacement to OS in healthy
canines and felines. One particular study analyzed the comparison between digital and
optical analogue hand-held refractometers in canine urine SG and found OS correlations
to be within two hundredths of a decimal place (Paris et al. 2012). The majority of handheld refractometers obtain a calibration model established using human urine. Dossin
(2003) found determination of SG by human model refractometry to be the only
appropriate substitute for OS and that SG colorimetric test strips should never be used for
measuring canine urine SG.
SG and OS discrepancies between the effect of disease, gender, age, and
collection time were evaluated in a study conducted by van Vonderen, Kooistra, and
Rijnberk (1997) in canine urine. This experiment found SG and OS values to have high
variability among dogs and no differences in OS values with regard to gender (van
Vonderen, Kooistra, and Rijnberk 1997). Currently only two studies have reported on the
comparisons between urine OS and SG in felines. The first study was conducted in 1981
by Ross and Finco, and they concluded strong correlations between urine SG and OS, but
evaluated a limited number of subjects. In 2014, Di Bella et al. demonstrated feline urine
OS to have a direct relationship with SG measured with a refractometer. With strong
correlations between OS, SG, and CR consistently displayed across primate and domestic
species, investigations of these hydration status and normalization methods have become
increasingly popular among non-domestic species.
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Recent studies evaluating the application of CR, OS, and SG correction methods
in non-domestic species include the numbat (Myrmecobius fasciatus) (Matson and Power
2008) and the giant panda (Ailuropoda melanoleuca) (Agcanas et al. 2017; Counsell,
Kouba, and Vance 2017; Wauters et al. 2017). Correction methods, OS and CR, were
assessed and found to be equivalent alternatives for the evaluation of normalized values
against urinary progestogen concentrations in the female numbat (Matson and Power
2008). Wauters et al. (2017) and Agcanas et al. (2017) found similar results when
assessing giant panda urine correction methods; however, Agcanas et al. (2017)
compared all three techniques, while Wauters et al. (2017) looked at only SG and CR.
Not only were SG and OS both validated as acceptable replacements to CR for hormone
normalization, but exemplified smoother profiles allowing for discrimination between
primary and secondary progesterone rises (Wauters et al. 2017). With this discrepancy in
the progesterone profile, future investigations are necessary to assess if these correction
methods can distinguish between a pseudopregnancy, pregnancy, and parturition.
In regard to the Hispaniolan Amazon Parrot (Amazona ventralis) study (Brock et
al. 2013), researchers studied (1) the relationship between OS and SG for monitoring
health status and (2) the human, canine, and feline SG reference scales to determine the
most accurate scale for avian species. The refractometer and osmometer measurements
were strongly correlated in all three scales, but the Hispaniolan Amazon Parrot urine SG
was most accurately approximated implementing the feline scale (Brock et al. 2013). In a
study on the free-living Egyptian fruit bat (Rousettus aegyptiacus), urine samples were
subjected to SG measurements and SG ranges were established for comparisons between
capture site, gender, age, weight, and packed cell volume (D. Eshar et al. 2017). The SG
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values ranged 1.006–1.050, and there were no associations between the areas of interest
(David Eshar et al. 2017).
High correlation coefficient results found in human, primate, domestic, and nondomestic species experiments provide strong evidence for the application of these
correction factors to normalize hormone concentrations. Current experiments to
implement these alternative techniques, but not establish correlations prior to use in a
species include the bottlenose dolphin (Tursiops truncates) and Mississippi gopher frog
(Lithobates sevosa). In the dolphin experiment, 2 µl per sample was diluted in 10 µl of
sterile, distilled water prior to OS measurements (Holley Muraco et al. 2009). OS
normalized luteinizing hormone concentrations were measured for monitoring of the
estrous cycle and ovulation (H. Muraco et al. 2009). In the Mississippi gopher frog, urine
SG was used to normalize reproductive steroid hormone (estrone and testosterone)
concentrations for the determination gender (Graham et al. 2016).
Reproductive Physiology and the Mare
The mare’s reproductive tract is comprised of ovaries, oviducts, uterus, cervix,
vagina, and external genitalia. The ovaries produce gametes and multiple reproductive
hormones throughout the estrous cycle. The oviducts provide the optimal environment for
ova and sperm transportation, fertilization, and development of the embryo preattachment. The uterus connects the cervix to the oviducts and is responsible for sperm
transport, early embryogenesis, and houses the fetus through gestation and parturition.
Connecting the uterus to the vagina, the cervix creates a barrier that discharges mucus
during estrus and constructs a cervical seal during pregnancy. External genitalia is
connected to the copulatory organ, called the vagina, which produces lubrication mucus
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during the estrus phase. Communication among the reproductive and the central nervous
system organs is necessary for the timely, rhythmic events that occur throughout the
reproductive life of the mare.
Estrous Cycle
During the late fall and winter months, mare reproductive activity suppresses to
what is known as the anestrous cycle. Throughout the winter months, the number of
mares to continue to ovulate and cycle decreases. In the early spring and summer months,
mare reproducibility increases as a result of lengthened photoperiods and increased
temperatures. After the first ovulation in the early spring months, mares undergo cyclic
sexual receptivity, thus categorized as seasonally polyestrous. The estrous cycle lasts
approximately 21 days and is divided into the follicular (estrus) and luteal (diestrus)
phases (Figure 1.6).

Figure 1.6

The mare’s estrous cycle

(Adapted from Brinsko et al. 2010; Mottershead 2001)
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Estrus Phase
Estrus is the period which refers to when the mare is in “heat” or sexually
receptive to the stallion. This period averages five to seven days and is relatively
consistent within an individual and across individuals, but varies with respect to the
length of day (sunlight) and diameter of the mature follicle at the time of luteolysis.
(McKinnon and Voss 1993). A mature follicle results from increased follicle stimulating
hormone (FSH) concentrations and folliculogenesis, the process by which ovarian
follicles develop inside the ovary. Once mature, the follicle induces estrogen secretion
and sexual receptivity. As estrogen levels increase, FSH decreases and the luteinizing
hormone (LH) is released in waves. Release of the mature follicle, known as spontaneous
ovulation, occurs approximately 24 to 48 hours after the peak in estrogen concentrations
and as a result of an LH surge in increased LH concentrations (Andrews and McKenzie
1941). This event concludes the estrus phase, and estrogen levels return to baseline
within 2 days post-ovulation.
Diestrus Phase
After the release of the mature follicle (ovulation), the cavity left behind on the
ovary rapidly fills with blood and develops into a corpus hemorrhagicum. In the presence
of LH, a corpus lutem (CL) forms and stimulates progesterone secretion, sexual behavior
suppression, and marks the beginning of the diestrus phase. Maximal values of 6 to 10
ng/ml progesterone elevate in the plasma within 6 days post ovulation and remain
elevated throughout diestrus (McKinnon and Voss 1993). The luteal phase continues for
about 14 to 15 days post ovulation, encompassing the regression of the CL and rapid
decline of progesterone concentrations if pregnancy is not recognized. With this,
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progesterone concentrations decrease below 1 ng/ml, and a new follicular wave begins
with increased estrogen production inducing sexual receptivity, follicular maturation, and
ovulation (McKinnon and Voss 1993). The progesterone hormone profile and how it
correlates with other reproductive hormones is displayed in Figure 1.6.
Hormone Control of Estrous Cycle
The estrous cycle is controlled by secreted hormones from the pineal gland,
hypothalamus, pituitary gland, ovaries, and endometrium (Figure 1.7). Estrous related
duration with the change in season and melatonin levels. Melatonin levels and daylight
exposure affects the pineal gland, which in turn alters hormone concentrations, and
affects hormonal activities with respect to behavioral and physiological changes that
assist in diagnosing estrus and diestrus. As displayed in Figure 1.7, reproductive
hormones are closely interconnected in a linked feedback system, thus having strong
influences on one another. GnRH is the most influential reproductive hormone because it
is secreted by the hypothalamus located in the brain. GnRH is released in a pulse like
manner with long periods between pulses, consequently undetectable in the blood of
anestrous mares. On the other hand, GnRH pulses are continuous ranging from every two
hours during diestrus to every 30 minutes during estrus (McKinnon and Voss 1993).
GnRH stimulates the production of gonadotropin hormones FSH and LH. Both
gonadotropins are produced in the pituitary gland and stimulate the event of
folliculogenesis. FSH additionally assists with estradiol synthesis, while LH additionally
induces ovulation, formation of CL, and stimulates progesterone secretion.
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Estrogen
There are several forms of naturally occurring estrogens, but 17β-estradiol is the
primary hormone associated with reproduction in the non-pregnant mare. Estrogen is a
steroid hormone secreted by the developing follicles located in the ovaries. Its presence
influences estrus behavior, GnRH secretions, relaxation of the cervix during estrus and
prepares the reproductive tract for pregnancy (Senger 2003). As displayed in Figure 1.7,
estrogen down regulates FSH, while up regulating LH. These feedback mechanisms
allow for the selection of a dominant follicle by impeding the growth of other secondary
and developing follicles.
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Figure 1.7

Hormonal regulation of the mare estrous cycle

(Reconstructed and modified from Mottershead 2001).

Progesterone
Progesterone is commonly known as the pregnancy maintenance hormone. It is
produced by the CL in the non-pregnant mare and by the placenta in the pregnant mare.
Increased progesterone concentrations prevent estrus behavior and contribute to the
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development of uterine thickness during diestrus and early pregnancy (Hayes and Ginther
1986). Within the feedback mechanism, progesterone contributes to suppress the
secretion of GnRH, FSH, LH, and minimizes estrogen secretions. These regulatory
effects promote the development of non-ovulatory follicles to produce estrogen and
support pregnancy (Senger 2003). In the case of no pregnancy, luteal progesterone
positively impacts the selection of another dominant follicle and estrus (Ginther 1992).
Detecting Estrus
Characteristic physiological changes occur when a mare is in estrus, such as
follicular development, uterine activity, relaxed vagina, and cervical changes in color,
edema, and relaxation (McKinnon and Voss 1993). Estrus and ovulation diagnostic
techniques include rectal palpation, ultrasonography, and progesterone analysis, but the
most accurate and widely used technique is teasing. Teasing is the process whereby the
mare’s response to a stallion is assessed. Teasing environments include, but are not
limited to, tease chutes, tease rails, stall teasing, pen teasing, paddock teasing, and pasture
teasing. Behavioral signs during the event of teasing are categorized as receptive or nonreceptive toward the stallion. Estrus criteria breeding managers are looking for include
(1) ears back, (2) fence pushing, (3) tail raising, (4) kicking, (5) striking, (6) squatting,
(7), squealing, (8) urination, and (9) vulval winking (frequent opening of the vulvar lips)
(McKinnon and Voss 1993).
Teasing requires a person with persistence, extended periods of time, attention to
detail, and mare estrous behavioral knowledge. In addition, a mare must be exposed to a
stallion on a daily basis for the best results. Another indication of estrus is blood
progesterone levels. Concentrations of less than 0.1 ng/ml meet estrus phase criteria, but
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do not provide an accurate day or time of ovulation (McKinnon and Voss 1993).
Hormone measurements in urine or saliva are not commonly used for routine estrus
detection because behavioral symptoms and rectal palpation are available (Crowell-Davis
2007).
Reproductive Physiology and the Female Giant Panda
The Giant Panda
From 1950 to 2004, China lost greater than 30% of its forests isolating giant
panda (Ailuropoda melanoleuca) populations to the western provinces of Sichuan,
Shaanxi and Gansu and restricting them to the mountain ranges Minshan, Qinling,
Qionglai, Liangshan, Daxiangling, and Xiaoxiangling (Swaisgood, Wang, and Wei
2016). As a result of declining populations, the giant panda was categorized as
“Endangered” from 1990 to 2016 by the International Union for Conservation of Nature
(IUCN) Red List of Threatened Species (Swaisgood, Wang, and Wei 2016). In 2000,
China implemented the Natural Forest Conservation Program (NFCP) to restore and
protect existing forest (Zhang et al. 2000). Due to the effective and consistent
conservation efforts enforced to protect habitats and aid in captive breeding programs, the
giant panda’s IUCN status was downgraded to “Vulnerable” in 2016. Advancements in
assisted reproductive techniques over the last 30 years have contributed to a sustainable
and genetically diverse captive population (N. Czekala et al. 2003; Durrant et al. 2006;
Howard et al. 2006; Steinman et al. 2006). Even with the vast amount of research into
giant panda reproduction, many aspects of the species’ reproductive physiology is still
unknown, and new avenues are continuously being investigated.

32

Estrus Period
Female giant pandas become sexually mature at approximately 3 years of age
(Kleiman, Karesh, and Chu 1979; Schaller et al. 1985; Steinman et al. 2006). They are
seasonal breeders and exhibit sexual receptivity once per year, thus referred to as a monoestrus species (Figure 1.8) (Steinman et al. 2006). Estrus is the period which refers to
when the female giant panda is in “heat” or sexually receptive to a male. The breeding
season spans the months of February through June, but on rare occasions estrus has been
observed in the autumn season (Kleiman 1983; Schaller et al. 1985). In general, the estrus
period lasts approximately 12 to 25 days, estrogen levels begin to increase above baseline
levels approximately 10 days prior to ovulation, a dominant follicle develops, and sexual
receptivity peaks for a period of 24 to 72 hours (Bonney, Wood, and Kleiman 1982;
Chaudhuri et al. 1988; Czekala et al. 2003; Hodges et al. 1984; Kleiman 1983; Lindburg,
Czekala, and Swaisgood 2001; McGeehan et al. 2002; Monfort et al. 1989; Murata,
Tanioka, and Murakami 1986; Steinman et al. 2006).
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Figure 1.8

Basic overview of polyestrus, seasonal polyestrus, and monoestrus cycles.

Pictured are four types of estrous cycles projected by annual estradiol (E2) profiles. Giant
pandas exhibit a mono-estrus cycle as displayed in the bottom graph with a single
estrogen peak occurrence during the breeding season of February to June. (Adapted from
Senger 2003)

Behaviors related to estrus and sexual receptivity have been observed in females
up to two weeks prior to the estrogen peak (Kleiman 1983). These behaviors have been
assessed in captive breeding facilities, including extensive research conducted on a
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mating pair located at the Smithsonian Zoo in Washington, D.C. (Kleiman, Karesh, and
Chu, 1979; Bonney, Wood, and Kleiman, 1982; Kleiman, 1983; Kleiman, 1985).
Kleiman et al. (1983) evaluated estrus behaviors including decreased food consumption,
increased scent marking, increased bleating (crying), increased restlessness with frequent
position changes, rolling, writhing (twisting), and water bathing. As time nears closer to
peak receptivity, additional behaviors exhibited by females may include: backwards
walking, anogenital rubbing or masturbation, increased chirping, and increased visual and
olfactory contact at sites shared with breeding partners (Kleiman 1983; Kleiman, Karesh,
and Chu 1979). Behaviors specifically associated with the peri-ovulatory period may
consist of presentation of the anogenital region towards male and the tail-up lordosis
posture (Kleiman 1983; Kleiman, Karesh, and Chu 1979). Additional estrus signs,
common to other mammals, include swelling and reddening of the vulva and nipples
(Kleiman 1983). All of these behaviors are believed to increase attractivity of the female
and male sexual interest (McGeehan et al. 2002).
Urinary estrogen studies have shown estrus behaviors closely parallel estrogen
excretion rates. As estrogen rapidly increases, peri-estrus behaviors such as a decrease in
appetite, increase in activity, scent marking and bleating become evident (Bonney, Wood,
and Kleiman 1982; Czekala et al. 1997; Hodges et al. 1984; Murata, Tanioka, and
Murakami 1986). In addition, a pre-ovulatory wave of the follicle stimulating hormone
(FSH) coincides with peak estrogen levels (Monfort et al. 1989). Shortly after following
the estrogen peak, copulation is observed, and ovulation is assumed to occur at that time
(Bonney, Wood, and Kleiman 1982; Chaudhuri et al. 1988; N. Czekala et al. 2003;
Hodges et al. 1984; Kleiman 1983; Lindburg, Czekala, and Swaisgood 2001; McGeehan
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et al. 2002; Monfort et al. 1989; Murata, Tanioka, and Murakami 1986). In the presence
of increasing progestin levels, a corpus luteum forms, ovulation is assumed, sexual
behavior declines, and the luteal phase or anestrous period begins if the female is non
pregnant (Bonney, Wood, and Kleiman 1982; Chaudhuri et al. 1988; Hodges et al. 1984;
Lindburg, Czekala, and Swaisgood 2001; McGeehan et al. 2002; Monfort et al. 1989).
Pregnancy, Pseudopregnancy, and Delayed Implantation
Giant pandas typically give birth in the months of August and September with a
gestation period range of 84 to 184 days, and a mean of 138.6 + 19.8 days (n=57) (Zhu et
al. 2001). In the hopes of a obtaining a successful pregnancy in captivity, the capability to
accurately differentiate between pregnancy, pseudopregnancy (false-pregnancy), and
pregnancy loss (miscarriage) continues to be a tasking debate. In the absence of
fertilization, giant pandas undergo obligate pseudopregnancy (Chaudhuri et al. 1988;
Czekala et al. 2003; McGeehan et al. 2002; Steinman et al. 2006; Zhu et al. 2001). In
other words, the non-pregnant female will display indiscriminate behavioral and
physiological characteristics from those of pregnant females (Erskine 1998; Steinman et
al. 2006). Pseudopregnancy only occurs in those who do not conceive (Erskine 1998).
Progesterone is known as the pregnancy maintenance hormone, but levels are
inconclusive on differentiating the two states.
Due to difficulties in diagnosing pregnancy, artificial insemination fertilization
success rates and timing of implantation have been difficult to measure; therefore, giant
panda reproduction is largely unknown (Kersey 2009). In the event of fertilization, there
is strong evidence to believe embryonic diapause occurs (Chaudhuri et al. 1988; Monfort
et al. 1989; Steinman et al. 2006; Zhu et al. 2001). Embryonic diapause results in
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stagnant embryonic growth rates or the termination of embryonic development (Mead
1993). Embryonic diapause is also referred to as delayed implantation. This phenomenon
is common in other bear species and carnivores, thus theorized to be a derived trait from
common ancestors (Chang et al. 2004; Mead 1986; Sandell 1990; Sato et al. 2001;
Schaller et al. 1985; Schaller et al. 1989; Wimsatt 1963; Zhu et al. 2001).
In the last 15 years, research has made measureable advancements in detecting
pregnancy. In 2004, the San Diego Zoo implemented ultrasound monitoring and detected
two fetuses, but the female only gave birth to one cub (Sutherland-Smith, Morris, and
Silverman 2004). Prior to the investigations into the acute phase protein ceruloplasmin,
all tests involving steroid and protein hormones proved to be ineffective when
differentiating pregnancy from pseudopregnancy (Steinman et al. 2006). In 2011, Wills et
al. reported increased ceruloplasmin activity in pregnant giant panda urine samples, while
non-pregnant urine levels remained at baseline. Ceruloplasmin activity profiles also
revealed increases early in the gestation period allowing for pregnancy diagnosis within
one week after breeding (Willis et al. 2011). The most recent hormone shown to
differentiate pregnant from non-pregnant females is 13, 14, dihydro-15-ketoprostaglandin F2α (PGFM) (Roberts, et al. 2018). PGFM is a metabolite of prostaglandin
F2α (PGF2α) and a potential pregnancy biomarker. This hormone is produced in the
uterine and vesicular glands, with primary actions pertaining to luteolysis, ovulation, and
promoting uterine tone and contractions (Senger 2003). To date, PGFM is the most
accurate metabolite implemented for predicting a parturition date (Roberts et al. 2018).
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Amphibian Stress Physiology
Stress is a broad scope of study and often ambiguously defined or not defined at
all. For the purpose of this review and correlation to amphibians, the following definition
provided by Narayan (2013) will be implemented: “A stressor (or stress event) will be
defined as a noxious stimulant, which exposes the amphibian to energetic costs outside of
that required for predictable daily and seasonal requirements.” In 1988, the term
‘allostasis’ was introduced by Sterling and Eyer, but McEwen and Stellar (1993) took it
one step further and defined it as the body’s ability to adapt to a changing environment in
order to regain homeostasis.
In response to a stressor, the nervous system reacts with the activation of the
hypothalamo–pituitary–interrenal (HPI) axis (Figure 1.9). Reptiles, fish, and amphibians
are equipped with the HPI axis (N. M. Sopinka et al. 2015). This system is comparable to
the hypothalamo–pituitary–adrenal (HPA) axis in higher vertebrates including mammals
and birds (Rollins-Smith 2001). The hypothalamus, pituitary gland and adrenal or
interrenal cells complete the axis. Early experiments in fish on the neuroendocrine
control mechanisms suggest the pathways conform into a general vertebrate cycle
(Donaldson 1981; Mazeaud 1981). The HPI axis provides a systematic response allowing
the individual to react to a stressor in the ‘fight or flight’ manner to maximize survival
(Hill, Wyse, and Anderson 2008). Within the pathway are neurotransmitters and hormone
responses.
Exposure to a stressor activates the first stage in the HPI axis, involving the
hypothalamus. The hypothalamus is part of the central nervous system and receives the
stress signal triggering the production of the corticotrophin-releasing hormone (CRF).
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Increased CRF concentrations results in the release of adrenocortiocotropic hormone
(ACTH) from the pituitary gland. ACTH is released into the circulatory system, binds the
receptors located on the interrenal cells, and stimulates the production of glucocorticoids.
Glucocorticoids, cortisol, and corticosterone are biomarkers for quantifying stress levels
and maintaining blood glucose levels during fasting. The primary glucocorticoid
produced in amphibians in vitro (Cockrem 2007) and in vivo (Jungreis, Huibregtse, and
Ungar 1970) is corticosterone; however, cortisol concentrations have been used to
quantify stress levels in vitro via skin swabs (Santymire, Manjerovic, and SacerdoteVelat 2015). Other species that produce corticosterone include rodent, amphibians,
reptiles, birds, and fishes. Mammals, on the other hand, produce cortisol. In addition to
regulating the stress response, glucocorticoids impact intermediary metabolism, immune
function, behavior, electrolyte balance, growth, and reproduction (Guillette, Cree, and
Rooney 1995; Narayan 2013). They also have an effect on physiological responses
including bioenergetics, increased heart rate, increased ventilation, vasoconstriction, fat
catabolism, and a decrease in digestion and insulin production (Demas, Adamo, and
French 2011; Hill, Wyse, and Anderson 2008; Narayan 2013). Elevated levels of
glucocorticoid, ACTH, and CRF create a negative feedback mechanism ceasing
production. The axis is in place for acute and chronic stressors, so the animal can adjust
from the stressor. In the situation where stress is prolonged, the negative feedback
mechanism becomes weakened, and glucocorticoid levels remain elevated (Bliley and
Woodley 2012; Narayan 2013).
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Figure 1.9

Overview of the hypothalamo–pituitary–interrenal (HPI) or hypothalamo–
pituitary–adrenal (HPA) axis in response to acute or chronic stressors.

In the HPI axis ACTH binds to interrenal cells in rodents, reptiles, fishes, and
amphibians. The HPA axis correlates with mammals and birds. ACTH binds to adrenal
cells in the HPA axis. Prolonged or chronic stress weakens the negative feedback
mechanism, thus glucocorticoids remain elevated. Dotted lines represent negative
feedback mechanisms. (Recreated and adapted from Sopinka et al. 2015).
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The Colorado Boreal Toad
Disease, habitat destruction, and unnatural environmental disturbances (e.g.
pesticides and herbicides) have devastated amphibian populations, thus researchers are
referring to the event as the sixth mass extinction (Stuart et al. 2004). The Colorado
boreal toad (Anaxyrus boreas boreas) is a historically widespread species with its habitat
ranging in the northwest part of the United States (Corn 2011). Over the past thirty years,
the Southern Rocky Mountain population has become isolated with a significant
population decline due to environmental disturbance and chytrid fungus (Corn 2011;
Hammerson 1999; Loeffler 2001; Muths et al. 2003). To date, the population is listed as
an endangered species in the states of Colorado and New Mexico, while protected in the
state of Wyoming (Boreal Toad Recovery Team (BTRT) 2001). The species was brought
to the attention of the U.S. Fish and Wildlife Service as a potential candidate species for
protection under the Endangered Species Act in 1995, but was removed a decade later
due to unsubstantial evidence in regard to the population’s genetic disputes (Loeffler
2001). The CBT remains a candidate for federal listing under the Endangered Species
Act; however, it is currently categorized as Least Concern under the International Union
for the Conservation of Nature (IUCN) (IUCN 2017). In 2015, the Western Toad
(Anaxyrus boreas) was downgraded from Near Threatened to Least Concern because it
no longer meets the classification requirements of a declining rate of close to 30 percent
over a span of 10 years or three generations (IUCN 2017). With investigations into the
genetic makeup of the Western Toad and the Colorado Boreal Toad, a taxonomic split
may arise and cause them to be separately listed and classified.
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SPECTRAL INDEXING OF THE MARE ESTROUS CYCLE USING NEAR
INFRARED SPECTROSCOPY: AQUAPHOTOMICS ANALSIS
FROM SERUM

Introduction
Mare reproductive management is an essential sector of the equine industry, with
the detection of estrus and ovulation as two of the main objectives. Estrus detection
techniques must be accurate, precise, reliable, and permit results in a timely manner
(McKinnon and Voss 1993). The industry standard management tools for estrus detection
is the combination of teasing with rectal palpation, however the use of ultrasonography
has increased. Individual monitoring using these established diagnostic tools and
techniques throughout the breeding season decreases the number of breeding events or
inseminations required per estrus period; however, assessing estrus in each mare by
incorporating these techniques may not be practical for all equine breeding facilities
(Brinsko et al. 2010; McKinnon and Voss 1993).
In equine breeding facilities, accurate detection and timing of ovulation is
essential for a successful business due to the following reasons as published by CuervoArango in 2013: (1) to ensure ovulation occurred within the window considered
appropriate after pre-ovulation mating, (2) to determine optimal time post ovulation for
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artificial insemination of frozen semen, (3) to diagnose embryo age for the ability to
accurately flush and recover, (4) to determine the number of ovulations in relation to the
pre-existing follicles for the purpose of managing the occurrence of twins, and (5) to
guarantee corpus luteum (CL) rupture and regression so as to assume release of follicle to
differentiate from pathological anovulatory conditions.
In the agricultural industry, near infrared (NIR) spectroscopy has been
demonstrated to be effective as a tool for assessing animal physiological states. This
approach entails capturing multifaceted biochemical data and using a holistic
chemometrics approach to mapping complex data into a trait analysis of the animal
physiology based on other known parameters. NIR spectroscopy applied to fecal matter
has been used to distinguish animal species, gender, stress impact, and reproductive
status (Vance et al. 2016). A sub-application of NIR spectroscopy called aquaphotomics,
encompasses the utilization of water based solutions for monitoring reproductive and
health parameters in urine, plasma, and serum of animals.
Aquaphotomics is based on the first water overtone from 1300 to 1600 nm in the
near infrared spectrum. With physiologic states resulting from various biomolecule
mixtures, the attainment of perturbations possessing diagnostic information is high.
Perturbations found within the designated 12 water absorbance regions may contain
qualitative and quantitative information regarding sample chemical compositions that can
be mapped to physiological states (Tsenkova 2009). Reproductive steroid hormones
fluctuate in respect to the reproductive and health status of an individual effecting the
overall body fluid composition, and these changes are mirrored by changes in the water
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structures. For the attainment of information with respect to perturbation, multivariate
analysis is used to sort out changes in water structure as a function of solute content and
concentration.
The agricultural industry first explored the use of aquaphotomics as a tool to
diagnose mastitis in dairy cattle milk by detecting components and somatic cell counts
(Tsenkova et al. 2001). Estrus monitoring from milk samples was also investigated and
spectroscopic correlations with changes in the reproductive status were detectable
(Takemura et al. 2015). Aquaphotomics has since expanded to applications in urine,
plasma, and serum water based solutions supplied from a variety of animal species. One
application of interest in the agriculture and wildlife fields is the detection of the estrus
peak and ovulation. NIR was first demonstrated to detect estrus in the urine of a female
giant panda (Aliuropoda melanoleuca) over three consecutive years (Kinoshita et al.
2012). A following study further established NIR as a holistic tool for estrus detection in
the urine of female orangutans (Pongo pygmaeus) (Kinoshita et al. 2016). Previously,
NIR was investigated as a clinical tool for pregnancy diagnosis in sheep (Godfrey et al.
2001). Aside from reproductive stages, health parameters have been studied as a tool for
assessing the overall health and comparison in swine plasma from offspring of control
and nanoparticle sorted spermatozoa (Counsell et al. 2017). With conclusive evidence of
past research, this study investigates the use of NIR as a non-destructive holistic tool to:
(1) clinically detect estrus peak and/or ovulation in mare serum, (2) identify the water
matrix coordinates (WAMACS) related to the estrous cycle in mares, and (3) to evaluate
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if water absorbance patterns (WASP) changes could be used as a biomarker for estrus
detection.
Materials and Methods
Animals and serum collection
All mares (n=4) were housed at the Mississippi State University (MSU) South
Farm Horse Unit, with ages ranging from 2 to 16 years. Data collection took place during
the months of May through October 2012. Prior to the beginning of the experiment,
palpation, transrectal ultrasound, and endometrial biopsies were conducted. Three
consecutive cycles of reproductive activity were monitored every other day by transrectal
ultrasound (ovary and reproductive tract) and stallion-teasing. Serum was collected via
jugular venipuncture on day 0, 2, 4, 8, and 16 of each cycle for progesterone (P4) and
estradiol (E2), with day 0 equivalent to ovulation. Serum was collected daily upon
detection of a 32 mm follicle and/or uterine edema, and collections ceased when
ovulation was confirmed. Previously determined radioimmunoassay analysis values of
reproductive hormones E2 and P4 were used to validate and characterize the NIR spectra.
The MSU Institutional Animal Care and Use Committee (#12-022) reviewed and
approved this study. It was conducted following the General Guidelines for Animal
Husbandry as described in the Guide for the Care and Use of Agricultural Animals in
Agricultural Research and Teaching (FASS, Savoy, IL).
Spectral acquisition
Each sample was scanned using an ASD FieldSpec3® (ASD Inc, Longmont, CO)
portable spectrophotometer and transmittance spectra were recorded with Indico Pro
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software version 6.3 (ASD Inc, Longmont, CO) in increments of 1 nm within the spectral
range of 350–2500 nm. The cuvette holder and samples were not controlled during
scanning, but samples were thawed and kept at room temperature (25 °C) for at least 30
minutes prior to scanning. Three spectral replicates per sample were acquired
consecutively with a volume of 200 µl per replicate.
Serum
Serum samples were stored at -20 °C. Prior to obtaining near infrared
transmittance spectra, the samples were thawed to room temperature, centrifuged, and
200 µl of undiluted sample was added to the quartz cuvette (#R-4001; Spectrocell Inc,
Oreland, PA) with a 1 mm optical path length.
Metabolite standards
Metabolite solutions were stored at room temperature and spectra were acquired
using a 1 mm optical path length quartz cuvette (#1-I-1; Starna Cells Inc, Atascadero,
CA). Estradiol (E2; #E1024) and progesterone (P4; #P0130) were obtained from SigmaAldrich Co. (St. Louis, MO) and the water (MQ; 10.7 MΩcm) was produced by a
Millipore Sigma apparatus (Burlington, MA). E2 was diluted in MQ for concentrations
between 0.0131–1070000 pg/ml, while P4 was diluted to concentrations ranging
0.00104–1090 ng/ml in MQ. Table 2.1 lists the serially diluted concentrations
implemented to establish a spectral model for the quantification of each metabolite.
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Table 2.1

α

Progesterone (P4) and estradiol (E2) standard concentrations
Sample
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

P4 (pg/ml)

P4 logα

E2 (pg/ml)

E2 logα

1090000
545000
272500
136250
68125
34062.5
17031.25
8515.63
4257.81
2128.91
1064.45
532.23
266.11
133.06
66.53
33.26
16.63
8.32
4.16
2.08
1.04

20.06
19.06
18.06
17.06
16.06
15.06
14.06
13.06
12.06
11.06
10.06
9.06
8.06
7.06
6.06
5.06
4.06
3.06
2.06
1.06
0.06

1070000
10700
107
26.75
13.38
6.69
3.34
1.67
0.84
0.42
0.21
0.10
0.05
0.03
0.01
-

20.03
13.39
6.74
4.74
3.74
2.74
1.74
0.74
-0.26
-1.26
-2.26
-3.26
-4.26
-5.26
-6.26
-

The binary logarithm value

Data analysis
Water matrix coordinates (WAMACS)
The first water overtone region of 1300–1600 nm was used for spectral analysis.
Within the water overtone are 12 characteristic water absorbance bands characterized in
the following spectral regions (Tsenkova 2009): 1336-1348 nm (v3), 1360-1366 nm (OH(H2O)1,2,4), 1370-1376 nm (v1+v3), 1380-1388 nm (OH-(H2O)1,4 and O2-(H2O)4, 13981418 nm (S0), 1421-1430 nm (H-OH bend and O-H···O), 1432-1444 nm (S1), 1448-1454
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nm (OH-(H2O)4,5), 1458-1468 nm (S2), 1472-1482 nm (S3), 1482-1495 nm (S4), and
1506-1516 nm (v1,v2). Hydrogen bond vibrational modes described here are as follows:
v displays OH vibrational stretching of hydrogen-bonded water molecules (v1, symmetric
stretching fundamental vibration; v2, doubly degenerate bending fundamental; and v3,
H2O antisymmetric stretching vibration), S is the number of hydrogen bonds (e.g. S0 for
free water) (Ozaki 2002; Kinoshita et. al 2012). The highest concentration of each
standard metabolite was used for metabolite water matrix coordinates (WAMACS), and
P4 serum concentrations less than 1 ng/ml were used for estrous WAMACS. Metabolite
and estrous related WAMACS were identified by the difference of the raw spectrum
using the formulas in Table 2.2 (Kinoshita et al. 2012; Takemura et al. 2015; Kinoshita et
al. 2015).
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Equation
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆Metabolite = µMetabolite µ𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆Estrus = µEstrus - µDiestrus

Metabolite spectrum
(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆Metabolite)

Estrus related spectrum
(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆Estrus )

Variable Description

Average anestrus spectrum (µDiestrus ): Average of all
samples except those used for µestrus calculation

Average estrus spectrum (µEstrus ): Average of the
three consecutive samples with the highest E2
concentrations

Average water spectrum (µ𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 ): Average of water
samples (x12 replicates)

Average metabolite spectrum (µMetabolite ): Average
of the highest standard concentration (x3 replicates)

Formulas applied to obtain metabolite and estrous cycle WAMACS

Value

Table 2.2
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Post calculations for metabolite (standard) and estrous related (serum) spectra, the
metabolite spectrum was pre-treated using Savitzky-Golay second derivative (3 point
smoothing), while the serum spectrum was pretreated with a 4 point smoothing SavitzkyGolay second derivative. Second derivative absorbance peaks (pointing downward) with
the greatest variation across each wavelength range were selected as WAMACS (Kovacs
et al. 2016). In addition, principal component analysis (PCA) was used to visualize
clusters among the spectral data set and loadings for influential wavelengths to be
incorporated in the WAMACS according to physiological groupings. Metabolite and
estrous absorbance ranges, within the 12 water absorbance regions, were evaluated, and
the wavelength with the highest standard deviation in each range was selected. The 12
selected wavelengths from each absorbance region were used for displaying water
spectral pattern (WASP) in the form of an aquagram. The correlations among standards
and the estrous cycle were observed by comparing WASPs.
Aquagrams
Aquagrams, which are formatted as radar graphs, were designed for the
visualization of WASPs for each metabolite standard and phase (estrus, diestrus) using
the established WAMACS shown in Table 2.4. Spectral data were treated with a
multiplicative scatter correction (MSC), averaged within the assigned group (e.g. estrus,
diestrus), and unit vector normalized prior to aquagram calculations. Aquagram values
were calculated for each of the 12 WAMACS by subtracting the mean absorbance from
the absorbance value and dividing by the standard deviation (Table 2.3). The x-axis was
labeled based on the corresponding WAMACS. The correlation between the standard
metabolites and estrous phases were compared and displayed according to the WASPs.
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Table 2.3

Aquagram equation
𝐴𝐴′𝜆𝜆 =

𝐴𝐴𝜆𝜆 − 𝜇𝜇𝜆𝜆
𝜎𝜎𝜆𝜆

Variable Description
𝐴𝐴′𝜆𝜆 : Value of Aquagram

𝐴𝐴𝜆𝜆 : Absorbance after MSC applied on 1st overtone region
µ𝜆𝜆 : Mean of all spectra

𝜎𝜎𝜆𝜆 : Standard deviation of all spectra

The relationship between actual and predicted metabolite concentrations was
analyzed with partial least square (PLS) regression using the established 12 WAMACS
shown in Table 2.4. The standard concentrations for each metabolite were serially diluted
with MQ water. Concentrations were decadic logarithmic transformed and logarithmic
values were used for PLS regression as reference values (Kinoshita et al. 2016).
Untransformed and logarithmically transformed metabolite concentration values are
displayed in Table 2.1. A full cross-validation, based on leave-one-out sampling, was
implemented for PLS regression for all standard metabolites. In addition, a random cross
validation (20 segments) PLS regression was implemented for prediction of the P4
concentration in serum samples. All chemometric analysis was analyzed using The
Unscrambler X 10.4 (CAMO software, Oslo, Norway), and SigmaPlot 12.5 (Systat
Software, San Jose, CA) was used to create hormone profiles and spectral graphs.
Results
Ovulation occurred in the four mares on the following days: Mare 201 ovulated
on June 12 and July 5 and 29; Mare 202 ovulated on June 23, July 16, and August 5;
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Mare 206 ovulated once on June 28; and Mare 923 ovulated on June 9 and 25 and July 8.
Interovulatory interval cycles ranged from: 21 to 24 days (Mare 201), 20 to 23 days
(Mare 202), 13 to 16 days (Mare 923), and 21 days (Mare 206). Hormone profiles for
each individual is represented in Figure 2.1 and in the event of ovulation, an X was
placed above the respective date.

66

B

Progesterone (ng/ml) and estradiol (pg/ml)

A
10

10

8

8

6

6

4

4

2

2
0

0
Jun

C

P4 (ng/ml)
E2 (pg/ml)

Jul

Aug

Sep

D

Jun

Jul

Aug

Sep

Jun

Jul

Aug

Sep

40

20

15
20

10

10

5

0

0
Jun

Jul

Aug

Sep
Month

Figure 2.1

Mare serum P4 and E2 concentrations across three estrous cycles

Serum progesterone (P4) and estradiol (E2) concentrations for three consecutive estrous
cycles in three cycling mares: 201 (A), 202 (C), and 923 (D). Ovulation occurred once in
mare 206 (B). The beginning of a new cycle is denoted by ovulation (x). Note the
difference in units between progesterone (ng/ml) and estradiol (pg/ml), along with the
difference in y-axis scales for graphs A-B versus C and D.
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Serum P4 levels less than 1.0 ng/ml were classified as estrus; therefore, mare
estrus concentrations ranged from 0.0046 to 0.87 ng/ml with an overall average of 0.18
ng/ml. Diestrus levels, in mare serum, were classified as levels greater than 1.0 ng/ml P4.
Serum P4 concentrations ranged from 1.18 to 22.24 ng/ml with an average of 6.67 ng/ml
during the diestrus phase in all four mares. Diestrus E2 levels ranged from 0.025 to 5.99
pg/ml with an average of 1.09 pg/ml, while estrus E2 levels ranged 0.087 to 16.88 pg/ml
with an average of 5.62 pg/ml.
Second derivative “estrous” spectra and PCA loadings were analyzed at the
individual and overall level for WAMACS corresponding to estrous in the 12
characteristic bands. Perturbations were found ranging in these wavelength regions:
1336-1345, 1361-1366, 1370-1376, 1381-1385, 1398-1418, 1422-1430, 1434-1444,
1448-1454, 1458-1467, 1472-1482, 1482-1495, and 1507-1516 nm. The wavelength with
the highest standard deviation within each region was selected (1338, 1366, 1376, 1382,
1400, 1422, 1434, 1448, 1465, 1481, 1491, and 1511 nm) (Table 2.3).
The WAMACS for hormone metabolites were determined similarly to the estrous
WAMACS. Specifically for the metabolites, the highest concentration spectra were used
to determine the metabolites WAMACS. Selected wavelength bands for each metabolite
are shown in Table 2.4.
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1342

Water
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12 Water Absorbance Regions

Metabolite and estrous water matrix coordinates (WAMACS)

Perturbation System

Table 2.4
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With the determination of WAMACS, radar-chart aquagrams were calculated
using the equation in Table 2.3 for each metabolite’s highest concentration and mare’s
estrous cycle. Metabolite aquagrams are shown in Figure 2.2. Due to differences between
metabolite WAMACS, direct comparisons are not appropriate, but general comparisons
between patterns can be examined. Therefore, WAMAC regions (C1–C12) will be
reported in place of WAMAC wavelengths when comparing metabolite WASPs. With a
P4 concentration of 1090 ng/ml, absorbance values greater than 0 were observed from
regions C6–C10. Compared to E2, concentration of 1070 ng/ml, which showed
absorbance values greater than 0 observed at regions C1–C7.
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Progesterone and estradiol metabolite aquagram

Aquagrams depicting standard metabolite WASP according to the highest water soluble
concentration. (A) Progesterone 1090 ng/ml; (B) Estradiol 1070 ng/ml
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The number of estrus and diestrus samples averaged per mare varied based on the
four mare estrous cycles and obtained samples. The number of samples for each mare per
estrous phase were as follows: 12 estrus, 6 diestrus (Mare 201); 16 estrus, 7 diestrus
(Mare 202); 4 estrus: 21 diestrus (Mare 206); 3 estrus: 9 diestrus (Mare 923). High
spectral variation displayed opposite WASPs between estrus and diestrus phases in all
mares as seen in Figure 2.3. Mare 201 observed estrus absorbance values greater than 0 at
1338, 1366, 1376, 1382, 1400, and 1511 nm. Mare’s 201 and 202 estrus and diestrus
patterns closely resembled one another, as well as the overall estrous WASP (Figure
2.3E). Mare 202 estrus absorbance values greater than 0 were at 1338, 1366, 1376, 1465,
1481, 1491, and 1511 nm. Mare 923 WASPs reveal opposite estrus and diestrus patterns
compared to Mare’s 201 and 202, with estrus absorbance values greater than 0 at 1400,
1422, 1434, 1448, and 1465 nm. Mare 206 estrus pattern shared one WAMAC with 201,
four WAMACS with 202, and three WAMACS with 923. The following wavelengths
correspond with Mare 206 estrus absorbance values greater than 0: 1434, 1448, 1465,
1481, 1491, and 1511 nm. To create an overall estrous WASP, phases were averaged
with 35 estrus and 43 diestrus samples. Estrus absorbance values were greater than 0 at 8
of the 12 WAMACS. These include 1338, 1366, 1376, 1448, 1465, 1481, 1491, and 1511
nm.
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Individual and average mare estrous cycle WASP

Estrous aquagrams displaying estrus and diestrus serum spectra of mare (A) 201, (B) 202,
(C) 206, (D) 923 and (E) mean values of all serum samples.
72

PLS regression, based on leave-one-out cross validation (CV), was used to assess
metabolite spectra using standard solutions. All PLS regression models were calculated
using only the absorbance values at the respective metabolite WAMACS. Actual versus
predicted standard concentrations are illustrated in Figure 2.4. The calibration Pearson
coefficient (R2) for P4 was 0.84 using 7 optimal PLS factors with a Savitzky-Golay
derivative pre-treatment (7 points), with a validation R2 value of 0.76. E2 PLS resulted
with a calibration R2 value of 0.89 using 9 optimal factors with no pre-treatment. The
corresponding validation R2 value was 0.81.
PLS regression models of serum spectra (MSC pre-treatment) for each mare were
assessed using a random CV with 20 segments. P4 was the only hormone to which PLS
regression models were tested using serum samples, because standard medical practice
differentiates estrous phases based on P4 concentrations. P4 hormone WAMACS (1343,
1365, 1374, 1385, 1399, 1425, 1436, 1449, 1463, 1476, 1493, and 1514 nm) were the
only absorbance values used for serum PLS regression. Calibration correlation
coefficients for mares 201, 202, 206, and 923 were 0.35, 0.24, 0.48, and 0.78,
respectively. When PLS regression was calculated using all mare serum samples, a pretreatment of MSC and Savitzky-Golay second derivative was found to produce the best
results, but substantially unreliable correlations were derived with a calibration R2 value
of 0.12 and validation R2 value of 0.09.
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Partial least square regression of standard metabolites

Reference and predicted standard solution relationships measured by partial least square
regression (PLSR) of the absorbance values at the respective standard water matrix
coordinates (WAMACS). Each point represents a metabolite spectrum. Each standard
concentration was decadic logarithmic transformed and the log values were implemented
for PLSR as reference values. (A) Progesterone (P4) actual concentrations range 1.04–
1090000 pg/ml (log: 0.06–20.06). (B) Estradiol (E2) actual concentrations range 0.01–
107000 pg/ml (log: -6.26–20.03).

Discussion
NIR studies incorporating biological solutions originated from experiments on
raw cow milk as a product of the mammary gland to determine health and reproductive
physiological states (Tsenkova, Kovacs, and Kubota 2015). Reproductive states, such as
estrous and pregnancy, have previously been investigated in cow milk (Takemura et al.
2015), sheep serum (Andueza et al. 2014), giant panda urine (Kinoshita et al. 2012), and
orangutan urine (Kinoshita et al. 2015). This study was the first to describe
aquaphotomics as a non-destructive and holistic technique for the detection of the estrous
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cycle in blood serum of mares and reproductive hormones P4 and E2. The results obtained
from this study demonstrate the ability of NIR to differentiate estrus and diestrus
successfully in four mares via aquaphotomes. Differentiating WASPs provides evidence
of strong correlations between the hormone level and NIR spectral properties of serum
samples. Kinoshita et al. 2012 previously conducted a study for estrous detection in the
urine of giant pandas and found these wavelengths to be strongly correlated with the
estrus state (1344, 1364, 1372, 1386, 1410, 1424, 1444, 1456, 1464, 1474, 1494, and
1510 nm). Of the wavelengths established by Kinoshita et al. 2012, one quarter of the
WAMACS established for mare estrous in this study were within two or less
wavelengths. However, estrus WASPs of individuals 201 and 202 displayed high
absorbance patterns in the OH stretching vibrations of weakly bonded hydrogens, along
with the S4 region corresponding with strong hydrogen bonded water and highly
organized water clusters. Mare 206’s estrus WASP presented high absorbance diestrus
patterns in the bands of weak hydrogen bonded water, with estrus displaying high
absorbance values with increasing water organization. Estrus WASPs, in mare 923, show
the strength of hydrogen bonds remains between the S0 to S2 levels, when the diestrus
phase includes OH stretching vibrations with weak hydrogen bond, but also highly
organized clusters.
Low sample quantities between and among individuals may be the possible
explanation for the contradicting results. Individuals 201 and 202 both had approximately
twice the number of estrus samples than diestrus, while 206 had five times the number of
diestrus samples to estrus and 923 had a total of only 12 samples including 3 estrus.
Conclusively, estrus and diestrus WASPs created with all serum samples, closely
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resembled mares 201 and 202 patterns since they were the most represented. With this,
the results of the present study show that weak (v1 and v3) and strong (S2 – S4) hydrogen
bonds increase and H-OH bends decrease with decreasing progesterone levels and
increasing estradiol levels, i.e. around ovulation. However, in this study, it is not possible
to know whether the steroid hormone concentrations or mare specificity contributed to
the observed differences and directly correspond to estrus and diestrus.
It has been shown that even parts per billion levels of a solute could be measured
with NIR in the spectroscopic overtone (100 to 1000 times lower absorbance than in the
mid-IR range) (Gowen, Amigo, and Tsenkova 2013; Tsenkova 2004; Tsenkova, Kovacs,
and Kubota 2015). PLS regression was applied to assess the ability of NIR to quantify P4
concentrations in the mare serum, but inconclusive evidence was found. From these
results, we propose only NIR water absorbance patterns, with the correlating WAMACS,
can detect a change in estrous phases and appropriately detect. Further studies are
required with an increase in mare individuals and serum samples per individual to obtain
a strong and robust model for accurate estrus and/or ovulation detection.
Conclusions
Near infrared spectroscopy is a holistic tool for which researchers and
veterinarians can easily implicate to answer reproductive related questions, but has an
initial high up front cost and requires the calibration and validation of models. Unlike P4
assays, ultrasounds, and rectal palpation, reagents and trained physicians are not required.
Using near infrared spectroscopy for the assessment of estrus will likely provide results
with the greatest accuracy once models have been established and validated. The results
proposed are potentially advantageous for future studies in regard to mare reproduction
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and health, such as providing answers to the effects zearalenone has in regard to
conceiving and maintaining a pregnancy. Transferal of these techniques to other domestic
and non-domestic ungulate species are for further investigation.
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VALIDATION OF NOVEL AQUAPHOTOMICS SPECTRAL INDEXING FOR THE
ESTROUS CYCLE, PREGNANCY, AND PARTURITION IN THE GIANT
PANDA (AILUROPODA MELANOLEUCA)

Introduction
Accurate and reliable reproductive monitoring techniques are essential to pinpoint
the exact timing of ovulation for a successful artificial insemination (AI). Enzyme
immunoassays (EIA) or radioimmunoassays (RIA) have traditionally been used for
endocrine reproductive monitoring. These assays measure a variety of reproductive
hormones such as estrogen (E1G), progesterone (P4), and prostaglandin F2α (PGF2α)
which are used to approximate ovulation, detect pregnancy, and determine parturition by
monitoring estrogen and progesterone in the blood, urine, and/or feces.
The destructive nature of RIAs and EIAs limit the capacity to evaluate hormone
levels in rare or low volume samples. Moreover, these assays utilize large sample sizes,
radioactive isotope reagents, expendable supplies, large experimental instruments, skilled
workers, and time for antibody-antigen and enzyme reactions to occur. Most zoological
associations and captive breeding centers do not have the time, staff, and financial
support to conduct experiments of this caliber. Biochemical studies largely focus on
pinpointing or identifying a specific hormone or biomolecule related to the question of
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interest. A variety of biological system components, particularly water as a medium, are
considered problematic and obstacles.
In the past decade, near infrared (NIR) spectroscopy has been demonstrated to be
a fast, reliable, reagent-free, holistic, and non-destructive analytical approach for
deciphering species and gender (Johnson-Ulrich et al. 2013) and determining diet and
foliage nutrition quality of exotic animals (Moore et al. 2010) from animal feces and
urine. Oxygen (O), carbon (C), nitrogen (N), and hydrogen (H) are the primary bonds
absorbed in the NIR region. Due to steroid and non-steroid reproductive hormones
containing C-H, O-H, and N-H molecular bonds, NIR can obtain qualitative and
quantitative information on the chemical composition of biological samples.
A new approach using NIR proposed by Tsenkova in 2009, exploits the properties
of water as a medium and has been termed aquaphotomics. NIR absorbance patterns in
the first water overtone, 1300–1600 nm, depict subtle changes in the water molecular
system that may provide information about the dissolved compounds in solution. This
method measures wavelength shifts of the water solvent depending on the solute
concentrations and properties. Absorption of NIR radiation by vibrational modes of
organic materials create unique spectral patterns that can be analyzed by chemometrics.
Utilizing NIR spectroscopy’s ability to detect subtle changes in aqueous solutions, such
as urine samples containing hormone derivatives and other metabolites, is a relatively
new technique in the field of animal health and reproductive monitoring.
Currently, NIR has been shown to diagnose masititis of dairy cows (Meilina
2009), analyze lipid levels in geese serum (Bazar et al. 2016), diagnose pregnancy in
sheep plasma (Andueza et al. 2014), and detect estrus in the urine of orangutans
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(Kinoshita et al. 2016; Kinoshita and Tsenkova 2015), giant pandas (Kinoshita et al.,
2012), and dairy cows (Takemura et al. 2015). In this study, giant panda urine samples
were evaluated to determine water matrix coordinates (WAMACS) for the comparison of
water spectral patterns (WASP) and implication to use as a biomarker for estrous,
pregnancy, and parturition.
Materials and Methods
Animals and urine collection
Samples were collected from giant pandas (n=2 females, 1 estrous and pregnancy
each) housed in North American zoological institutions from 2014 to 2016. Both
individuals are identified by their international studbook numbers: the Toronto Zoo
(ErShun, SB676) and Zoo Atlanta (LunLun, SB452). LunLun was born on August 25,
1997 and ErShun on August 10, 2007, both in Chinese captive breeding centers. During
the study, each female had limited or no physical contact with their respective male
counterparts (n=1 per institution) outside of estrous.
In 2016, samples (n=65) were collected from February to October, encompassing
LunLun’s estrous, artificial insemination (AI), full term pregnancy, and parturition. From
this pregnancy, female twins were born on September 3, 2016. ErShun, housed at the
Toronto Zoo, was the individual for which samples are representative of an estrous cycle
in 2014 and pregnancy in 2015, thus separate reproductive cycles. Estrous cycle samples
(n=34) were collected from March to June 2014 and pregnancy samples (n=30) in the
year 2015, from August to October. On October 13, 2015, ErShun gave birth to two cubs,
one male and one female. Both pregnancies resulted from successful artificial
insemination. Samples were transported to Mississippi State University and kept frozen at
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(-80°C) until analysis. Previously determined enzyme immunoassay values of
reproductive hormones E1G, P4, and PGFM were used to validate and characterize the
NIR spectra.
Spectral acquisition
Each sample was scanned using an ASD FieldSpec3® (ASD Inc, Longmont, CO)
portable spectrophotometer with a quartz cuvette (#1-I-1; Starna Cells Inc, Atascadero,
CA) having a 1 mm optical path length. Transmittance spectra were acquired with Indico
Pro software version 6.3 (ASD Inc, Longmont, CO) in the range 350–2500 nm with 1-nm
step intervals. The cuvette holder and samples were maintained under constant room
temperature (25 °C) at least 30 minutes prior to and during spectra collection. To build
robust models, three spectral replicates were acquired per sample.
Urine
Urine samples were stored at -80 °C. Prior to obtaining spectra, samples were
thawed to room temperature, centrifuged, and 200 µl of undiluted sample was added to
the 1 mm quartz cuvette. Estrous cycle and pregnancy urine samples from two female
giant pandas, ErShun and LunLun, were used for acquisition of spectra. Estrous cycle
samples were collected from March 26 to June 16, 2014 (n= 34; ErShun) and February 28
to May 16, 2016 (n= 33; LunLun). Pregnancy samples were collected from August 29 to
October 28, 2015 (n=34; ErShun) and June 12 to October 21, 2016 (n=30; LunLun). Prior
to spectra collection, all samples were centrifuged to remove debris.
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Metabolite standards
Estrone 3-(β-D-glucuronide) sodium salt (E1G) (#E1752), progesterone (P4)
(#P0130), prostaglandin F2α tris salt (PGF2α), and creatinine (#C4255) were obtained
from Sigma-Aldrich C. (St. Louis, MO). Each metabolite was diluted in water (MQ; 10.7
MΩcm) produced by a Millipore Sigma apparatus (Burlington, MA). Hormone standard
concentrations ranges were as follows: 0.12–2506 ng/ml E1G, 0.00104–1090 ng/ml P4,
0.73–3010 ng/ml PGF2α, and 0.062–7.91 mg/ml creatinine. Table 3.1 lists the serially
diluted metabolite concentrations implemented to establish spectral models. P4 solution
was stored at room temperature, while E1G, PGF2α, and creatinine were kept at 4 °C
until analysis.
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α

Sample
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
P4 logα
20.06
19.06
18.06
17.06
16.06
15.06
14.06
13.06
12.06
11.06
10.06
9.06
8.06
7.06
6.06
5.06
4.06
3.06
2.06
1.06
0.06

P4 (pg/ml)
1090000
545000
272500
136250
68125
34062.5
17031.25
8515.63
4257.81
2128.91
1064.45
532.23
266.11
133.06
66.53
33.26
16.63
8.32
4.16
2.08
1.04

E1G
(pg/ml)
2504700
250470
125235
62617.5
31308.75
15654.38
7827.19
3913.59
1956.80
978.40
489.20
244.60
122.30
-

Hormone metabolite standard concentrations

The binary logarithm value

Table 3.1
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21.26
17.93
16.93
15.93
14.93
13.93
12.93
11.93
10.93
9.93
8.93
7.93
6.93
-

E1G logα
3009600
1504800
752400
376200
188100
94050
47025
23512.5
11756.25
5878.13
2939.06
1469.53
734.77
-

PGFM (pg/ml)
21.52
20.52
19.52
18.52
17.52
16.52
15.52
14.52
13.52
12.52
11.52
10.52
9.52
-

PGFM logα

CR
(mg/ml)
7.91
3.96
1.98
0.99
0.49
0.25
0.12
0.06
-

Data analysis
Water matrix coordinates (WAMACS)
Spectra in the first water overtone region (1300-1600nm) were further analyzed.
The 12 characteristic water absorbance bands within the 1300-1600 nm range were
characterized as the following (Tsenkova 2009): 1336-1348 nm (v3), 1360-1366 (OH(H2O)1,2,4), 1370-1376 (v1+v3), 1380-1388 (OH-(H2O)1,4 and O2-(H2O)4, 1398-1418
(S0), 1421-1430 (H-OH bend and O-H···O), 1432-1444 (S1), 1448-1454 (OH(H2O)4,5), 1458-1468 (S2), 1472-1482 (S3), 1482-1495 (S4), and 1506-1516 (v1,v2).
Hydrogen bond vibrational modes described here are as follows: v displays OH
vibrational stretching of hydrogen-bonded water molecules (v1, symmetric stretching
fundamental vibration; v2, doubly degenerate bending fundamental; and v3, H2O
antisymmetric stretching vibration), S is the number of hydrogen bonds (e.g. S0 for free
water) (Ozaki 2002; Kinoshita et al., 2012). For the identification of WAMACS relating
to reproductive metabolites (P4, E1G, and PGF2α), estrous, and pregnancy, the raw
spectrum difference was calculated for each physiologic state using corresponding
reproductive hormone values as shown in Table 3.2 (Kinoshita et al., 2012; Kinoshita et
al., 2015; Takemura et al., 2015). E1G peak concentrations were used for estrous
determination, while P4 and PGFM peak concentrations were used for diagnosing
pregnancy.
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𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆PGFM = µPGFM Peak - µLuteal

PPGFM pregnancy related
spectrum (𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝐏𝐏𝐏𝐏𝐏𝐏𝐌𝐌)

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆Estrus = µEstrus - µAnestrus

Estrus related spectrum
(𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝐄𝐄𝐄𝐄𝐌𝐌𝐄𝐄𝐄𝐄𝐄𝐄 )

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆P4 = µP4 Peak - µLuteal

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆Metabolite = µMetabolite - µ𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊

Metabolite spectrum
(𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌 )

P4 pregnancy related
spectrum (𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝐏𝐏𝐏𝐏 )

Equation

Average luteal spectrum (µLuteal ): Average
of all samples post ovulation except those
used for either µP4 or µPGFM calculation
Average PPGFM peak spectrum
(µPGFM Peak): Average of the three
consecutive samples with the highest PPGFM
concentrations
Average luteal spectrum (µLuteal ): Average
of all samples post ovulation except those
used for either µP4 or µPGFM calculation

Average P4 peak spectrum (µP4 Peak ):
Average of the three consecutive samples
with the highest P4 concentrations

Average anestrus spectrum (µAnestrus ):
Average of all samples except those used
for µestrus calculation

Average estrus spectrum (µEstrus ):
Average of the three consecutive samples
with the highest E1G concentrations

Average water spectrum (µ𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 ): Average
of water samples (x12 replicates)

Average metabolite spectrum (µMetabolite ):
Average of the highest standard
concentration (x3 replicates)

Variable Description

Applied equations for the determination of metabolite, estrous, and pregnancy WAMACS

Value

Table 3.2
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Post subtraction calculations, data were pre-treated using Savitzky-Golay second
derivative (4 point smoothing). Second derivative absorbance peaks (pointing down) with
the greatest variation in each wavelength range were selected as WAMACS (Kovacs et
al. 2016). In addition, principal component analysis (PCA) was used to visualize clusters
among the spectral data set and loadings for influential wavelengths to be incorporated in
the WAMACS.
A radar graph, called an aquagram, is a method for displaying water absorbance
patterns (WASP), where normalized absorbance values are plotted against WAMACS.
The relationship between all of the assessed reproductive states were estimated by
comparing WASPs using the established WAMACS shown in Table 3.4. Spectral data
were treated with a multiplicative scatter correction (MSC), averaged within the assigned
group (e.g. estrus, anestrus), and unit vector normalized prior to aquagram calculations.
Aquagram values were calculated for each of the 12 WAMACS by subtracting the mean
absorbance from the absorbance value and dividing by the standard deviation (Table 3.3).
The x-axis was labeled based on the corresponding WAMACS. The correlation between
the standard metabolites, estrous phases, and pregnancy states were compared and
displayed according to the WASPs.
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Table 3.3

Aquagram equation
𝐴𝐴′𝜆𝜆 =

𝐴𝐴𝜆𝜆 − 𝜇𝜇𝜆𝜆
𝜎𝜎𝜆𝜆

Variable Description
𝐴𝐴′𝜆𝜆 : Value of Aquagram

𝐴𝐴𝜆𝜆 : Absorbance after MSC applied on 1st overtone region
µ𝜆𝜆 : Mean of all spectra

𝜎𝜎𝜆𝜆 : Standard deviation of all spectra

The relationship between actual and predicted metabolite concentrations was
analyzed with partial least square (PLS) regression using the established 12 WAMACS
shown in Table 3.4. The standard concentrations for each metabolite were serially diluted
with MQ water. Concentrations were decadic logarithmic transformed and logarithmic
values were used for PLS regression as reference values (Kinoshita et al. 2016).
Untransformed and logarithmically transformed metabolite concentration values are
displayed in Table 3.1. A full cross-validation, based on leave-one-out sampling, was
implemented for PLS regression for all standard metabolites. All chemometric analysis
was analyzed using The Unscrambler X 10.4 (CAMO software, Oslo, Norway) and
SigmaPlot 12.5 (Systat Software, San Jose, CA) was used to create all spectral and radar
graphs.
Results
Based on hormone concentrations, urine samples were categorized into groups
relating to hormone peaks and reproductive stage (i.e. estrous, anestrous, primary P4 rise,
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secondary P4 rise, and parturition). To determine WAMACS, the second derivative of the
difference between estrus and anestrous spectra were calculated. The resulting spectrum
for ErShun and LunLun are shown in Figure 3.3A. The anestrous and estrous groups
contained samples collected between the months of February to June in the corresponding
years for ErShun (2014) and LunLun (2016). ErShun E1G concentrations peaked on April
23, 25, and 26 in 2014, while LunLun concentrations peaked on March 26, 27, and 28 in
2016. Mean + SD of urine E1G concentrations in the estrous group for each individual
were 32.6 + 5.44 and 37.2 + 3.82 ng/ml for ErShun and LunLun, respectively. Anestrous
group E1G concentrations ranged 3.65 + 4.21 and 5.88 + 5.01 ng/ml for each individual
respectively. Luteal phase and pregnancy samples were handled separately due to the
drastic change in reproductive hormones present and their corresponding concentrations.
ErShun gave birth in 2015 with P4 and PGFM peaks on the respective dates: September
23, October 1 and 7; October 12, 15, and 21 in 2015. LunLun P4 peaks were on August
11, 21, and 24 in 2016 and PGFM peaks were on September 3, 5, and 7 in 2016.
Hormone profiles for each individual is represented in Figures 3.1 and 3.2.
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LunLun hormone profiles

Female giant panda, LunLun, urinary estrogen, progesterone, and PGFM concentrations
corrected by osmolality (A), specific gravity (B), and creatinine (C).
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corrected by osmolality (A&B), specific gravity (C&D), and creatinine (E&F).
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From the second derivative “estrus” spectra (Figure 3.3A) and PCA loadings
(Figure 11B) WAMACS corresponding to estrous in the 12 characteristic bands ranged
from (1336-1348, 1365, 1373, 1382-1386, 1401-1412, 1423, 1432-1441, 1450, 14581467, 1474-1481, 1483-1491, and 1506-1513 nm). The wavelength with the highest
standard deviation within each region (1344, 1365, 1373, 1386, 1401, 1423, 1432, 1450,
1458, 1474, 1485, and 1508 nm) were selected as wavelengths and WAMACS relevant to
estrous (Table 3.4).
The same procedure was implemented for determining pregnancy WAMACS
using P4 and PGFM peak concentrations. The second derivative “pregnancy” spectra
(Figure 3.3, B and C) and PCA loadings (Figure 12D) produced the following absorbance
band regions: (1341-1348, 1362-1365, 1370-1374, 1386-1387, 1401-1418, 1421-1428,
1434-1443, 1448-1454, 1460-1465, 1472-1478, 1482-1493, and 1507-1514 nm).
Wavelengths 1348, 1365, 1374, 1386, 1401, 1421, 1434, 1448, 1462, 1472, 1493, and
1509 nm resulted in the highest standard deviation and estimated to accurately depict
pregnancy (Table 3.4). Three WAMACS representing estrous and pregnancy were
identical with an additional six WAMACS within two wavelengths of each other. Due to
the similarity between the two WAMACS, pregnancy aquagram values were calculated
for both WAMAC wavelength groups (Figure 3.3 C and D).
The metabolite WAMACS were determined similarly to the estrous and
pregnancy WAMACS. Specifically for the metabolites, the highest concentration spectra
were used to determine the metabolites WAMACS. Selected wavelength bands for each
metabolite are shown in Table 3.4.
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Perturbation

Table 3.4
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Figure 3.3

Urinary reproductive hormone spectral peaks

Second derivative of raw difference spectra calculated in respect to reproductive hormone
peaks E1G (A), P4 (B), and PGFM (C) in female giant panda urine.
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With the determination of metabolite, estrous, and pregnancy WAMACS, radarchart aquagrams were calculated using the equation in Table 3.3. High spectral variation
displayed opposite WASPS between estrus (E1G peak) and anestrus in Figure 3.4. Estrus
absorbance values were above 0.5 at 1344, 1365, 1373, 1386, and 1401 nm in both
individuals. Compared to anestrus WASP, where absorbance values were above 0.5 at
opposite wavelength of 1432, 1450, 1458, 1474, and 1485 nm. Estrus WASP correlates
with bands of weak hydrogen bonds, while anestrus WASP depict water molecules with
increasing organization and strong hydrogen bonded structures. P4 peak WASPs (Figure
3.5A) had high absorbance at weak hydrogen-bonded structures of water molecules at
1348, 1365, 1374, and 1386, in addition to high absorbance values at longer wavelengths
(1472, 1493, and 1509 nm). PGFM peak and luteal phase WASPs (Figure 3.5B) split
evenly into two halves with seven weak hydrogen bond wavelengths correlating with the
luteal phase and the five longest wavelengths, comprised of strong water hydrogen bonds,
correlating with PGFM.
Figure 3.5 C and D shows aquagrams depicting WASPs for pregnancy phases
using estrus and pregnancy WAMACS for comparison. The WAMACS assigned for each
physiologic state are strongly correlated and depict almost identical results for pregnancy
phases. Post parturition values across all 12 wavelengths are distributed evenly
throughout both graphs. The secondary P4 rise absorbance values are high at weak
hydrogen-bonded water molecules, similarly to the PGFM luteal phase and estrus
WASPs. The primary P4 rise is closely related to the anestrus and P4 luteal phase WASPs
with high absorbance values at 1432-1434, 1448-1450, and 1458-1462 nm. Parturition
WASP is similar to anestrus and PGFM peak WASPs with all high absorbance values
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located at increased water molecule structure and organized clusters. Parturition, P4 peak
and PGFM peak WASPs are the only categories to absorbance values greater than 0.5 at
wavelengths 1493 and 1509nm.

A

B

1386
1401

1423

1386
1401

1373

1365

1432

1344

1423

1365

1432

1344
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

1450

1508

1458

1450

1508

1458

1485

1485
1474

1474

C

1373

1386
1401

1373

1423

1365

1432

1344
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

1450

1508

1458

1485
1474

Figure 3.4

Anestrus
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Estrous cycle WASP

Aquagrams based on estrus and anestrus urine spectra of (A) ErShun, (B) LunLun, and
(C) mean values of A and B.
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2

Due to differences between metabolite WAMACS, direct comparisons are not
appropriate, but general comparisons between patterns can be examined. Therefore,
WAMAC regions (C1–C12) will be reported in place of WAMAC wavelengths when
comparing metabolite WASPs. Metabolite aquagrams are shown in Figure 3.6. With a P4
concentration of 1090 ng/ml, absorbance values greater than 0 were observed from
regions C6–C10. PGF2α absorbance values greater than 0, with a concentration of 3010
ng/ml, were displayed at C1–C4 and C10–C12. With a concentration of 2505 ng/ml, E1G
absorbance values were sporadic and observed at C2, C4–C5, and C12 with values
greater than 0. Creatinine, with a concentration of 7.91 mg/ml, elicited absorbance values
greater than 0 at regions C1–C7. Compared to P4 and PGF2α, both E1G and creatinine
WASPs contain generally low variability between absorbance changes across all 12
regions.
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using only the absorbance values at the respective metabolite WAMACS. Actual versus
predicted standard concentrations are illustrated in Figure 3.7. The calibration Pearson
coefficient (R2) for P4 was 0.84 using 7 optimal PLS factors with a Savitzky-Golay
derivative pre-treatment (7 points), with a validation R2 value of 0.76. The pre-treatment
resulting with the optimal PGF2α model was a Savitzky-Golay second derivative with 7
smoothing points. With an optimal model using 5 PLS factors, the correlation R2 value
was 0.87 with a validation correlation of 0.81. Savitzky-Golay second derivative (7 point
smoothing) pre-treatment also concluded the optimal model for E1G with 7 PLS factors.
Calibration correlation R2 for E1G was 0.88, with a validation correlation of 0.77. All
steroid hormones resulted in calibration and validation values greater than 0.75, thus the
plots reveal strong relations between the reference and predicted standard concentrations.
However, the creatinine standard displayed a strong calibration correlation of 0.91, but
weak validation with only 0.58 and 7 optimal PLS factors. Creatinine’s PLS regression
model was also the only standard to have the best model results with a MSC pretreatment.
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samples left of PC2. The first four principle components (PC1-PC4) explain 99.64% of
the total spectral variance. The first PC loading explained 89.93% of the spectral data,
specifically with the wavelength of 1393 nm and generally around the 1458 nm region.
The perturbation we are most interested in this case is the effect of E1G or other unknown
estrus biomolecules having effect on water structure. PC2 loadings had peaks at 1382 and
1504, while PC3 had a single peak at 1403. The PC3 wavelength falls within the fifth
characteristic water absorbance band region of 1398-1418 nm, representing a general
bulk water (S0) absorbance band. Estrus samples (labeled in red) follow the same
diagonal trend in both individuals, but do not cluster apart from the other samples.
Pregnancy PCA scores and loadings plots are displayed in Figure 3.9. 79% of
variance is explained in the first PC, with an additional 14% explained in the second PC.
ErShun samples form a cluster to the right of the PC2, similar to the estrus PCA model,
but LunLun samples disperse evenly on both sides of the scores plot. P4 peak samples
follow the same diagonal pattern as seen in the estrus samples correlating with PC2.
PGFM peak samples on the other hand follow a horizontal pattern correlating to PC1.
Based on P4 concentrations, categories were created to visualize potential clusters (birth,
day-of-birth, peak, post, primary and secondary). Birth samples are samples prior to and
post parturition. Day-of-birth samples are when parturition took place. Peak P4
concentrations are represented by “peak.” Primary and secondary groups refer to the P4
rises during the luteal phase. P4 peak and parturition samples cluster along the second PC.
Post parturition and primary luteal phase samples are evenly displaced across the model.
No distinct clusters formed after multiple groups are applied to the model. However,
secondary luteal phase samples vertically cluster adjacent to the PC2 axis, thus the
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secondary phase samples are correlated with PC2. Estrus and pregnancy PCA loadings 1
and 4 follow the same general patterns. PC2 loading in the pregnancy model has a
sharper peak at the bulk water wavelength of 1401 compared to estrus.
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Figure 3.8

Anestrus and estrus scores and loadings plots

PCA scores (A) and loadings (B) plots of anestrus and estrus samples with a
multiplicative scatter correction of the 1300-1600 range.
.
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Figure 3.9

Progesterone and PGFM scores plots

(A) Scores plot identifying progesterone (P4) peak samples. (B) Scores plot identifying
PGFM peak samples.

106

Figure 3.10

Pregnancy scores and loading plots

(A) Scores plot identifying specific categories during pregnancy based on hormone
profiles. Birth: date prior to and/or post parturition; Birthday: parturition; Peak: P4
hormone spike; Primary: primary P4 rise; Secondary: secondary P4 rise. (B) Loadings plot
with four principal components correlating to pregnancy.
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Discussion
In conjunction to addressing normalization techniques, NIR spectroscopy was
proposed as an overall non-destructive and holistic technique for differentiating
reproductive cycles in the urine of giant pandas. Previous studies evaluated NIR as a
method to detect estrous and pregnancy in aqueous solutions include dairy cow’s milk
(Takemura et al. 2015), giant panda urine (Kinoshita et al. 2012), and orangutan urine
(Kinoshita et al. 2015). This study assessed aquaphotomics’ ability to decipher water
spectral patterns (WASP) among estrus, anestrus, P4 peak, PGFM peak, primary P4 rise,
secondary P4 rise, and parturition along the same 12 characteristic wavelengths in urine
from the giant panda. Differentiating WASPs provides evidence of strong correlations
between the hormone level and NIR spectral properties of urine samples. A previous
study conducted by Kinoshita et al. (2012), provided the first evidence for this alternative
technique to be used for estrus detection in the urine of giant pandas. The 12
characteristic water wavelengths or WAMACS Kinoshita found to be correlated to the
status of estrus were 1344, 1364, 1372, 1386, 1410, 1424, 1444, 1456, 1464, 1474, 1494,
and 1510 nm, closely resembling the 12 estrus wavelengths discovered in this study.
Interestingly, opposite patterns were found with Kinoshita et al. (2015). They
found estrus absorbance to increase in strong hydrogen bonded water (S2 – S4), while
estrus patterns in this study were found to increase in weakly hydrogen bonded water (S0
and S1). Both studies demonstrate absorbance changes of NIR spectra at these water
absorbance bands to detect changes in E1G concentrations in relation to estrus
(ovulation), but further studies are required to confirm findings. A potential explanation
for the controversial results is water absorbance patterns are specific to an individual.
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Kinoshita et al. (2015) assessed the estrous cycle of a single female panda over the span
of three estrous cycles, while two female panda estrous cycles for one year were assessed
in this study. Patterns between individuals in this study differed slightly, but followed the
same general pattern with absorbance increasing in weak H-bonded water (1344, 1365,
1373, 1386, and 1401nm) and decreasing with strong H-bonded water (1432, 1450, 1458,
1474, and 1485nm). PCA analysis was found to unsuccessfully differentiate estrus and
anestrus clusters, however was successful at differentiating between the two individuals
used in the study.
Wavelengths related to pregnancy were determined from the difference between
urinary spectra around the P4 and PGFM peaks and all other samples, along with PCA
loadings. Results from the aquagram depict WASPs have the potential to differentiate
primary P4 increase, secondary P4 rise, and parturition. P4 peak WASP resulted in
increased absorbance at wavelengths encompassing characteristics of both weak and
strong hydrogen bonded water patterns. This WASP was the only pattern to see high
absorbance values across both weak and strong H-bonded bands. PGFM peak
concentrations showed a significant difference (higher absorbance values at 1448, 1462,
1472, 1493, and 1509; and lower absorbance values at 1348, 1365, 1374, 1386, 1401,
1421, and 1434nm) from the luteal phase samples with lower PGFM concentrations.
These wavelength patterns suggest levels of strong hydrogen bonded water (S2 – S4)
increase in urine samples around the PGFM peak, also correlated with parturition.
Comparing different states within the pregnancy cycle using WASPs showed
visual distinctions between the primary and secondary P4 rises post estrus and more
importantly differentiated parturition. The P4 secondary rise WASP strongly correlates to
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the PGFM luteal phase pattern with high absorbance at weak hydrogen-bonded water
bands. The primary P4 rise and parturition WASPs are closely related with high
absorbance values at increasing hydrogen bond strength; however, the primary WASP
remains closer to the transitional wavelengths of 1434, 1448, and 1462nm. These
transitional wavelengths are within the S1 and S2 regions containing water dimers,
trimers, and clusters. Parturition WASPs reveal high absorbance values at wavelengths
1472, 1493, and 1509nm which show OH stretching vibrations and highly organized
water clusters. The parturition pattern is more highly correlated to the PGFM peak
compared to the P4 peak, interestingly.
From these results and previous studies, it is suggested that hydrogen bonded
water patterns of urine, milk, and serum have the ability to differentiate estrus and
pregnancy. However, further investigations encompassing larger sample sizes and closer
evaluations to the relationship of water structures among estrus and pregnancy in the
giant panda are required. In addition, giant pandas have other reproductive events such as
delayed implantation and pseudopregnancy that were not investigated in this study.
Studies incorporating these additional reproductive events and other species are necessary
for the expansion of aquaphotomics as a new holistic approach for the detection of
reproductive states.
Conclusions
Near infrared spectroscopy is a holistic tool for which researchers can implicate to
answer a variety of health related questions, but has an initial high up front cost and
requires the calibration and validation of models. Using near infrared spectroscopy for
the assessment of estrous, pregnancy, and parturition will likely provide results with the
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greatest accuracy using established models including WAMACS and aquagrams. The
technique in this study focused on a specific mammalian species, the giant panda. The
results proposed are potentially advantageous for future studies in regard to giant panda
reproduction, such as providing clearer answers to events such as delayed implantation.
Transferal of this technique to other mammalian species and taxonomic groups are for
further investigation.
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VALIDATION OF URINE NORMALIZATION BIOCHEMICAL INDICES FOR THE
ESTROUS CYCLE, PREGNANCY, AND PARTURITION IN THE GIANT
PANDA (AILUROPODA MELANOLEUCA)

Introduction
Samples collected non-invasively, such as feces and urine, are valuable and
reliable sources containing biological information. Variation of water content in urinary
samples presents an issue requiring normalization across hormone and metabolite
concentrations. The measurement of creatinine (CR) urinary metabolites has been long
accepted as the academic gold standard method for normalization and is measured via the
Jaffe reaction (Taussky 1954). CR is metabolized in muscles at a relatively constant rate
and diffuses into the blood stream (Montgomery et al. 1975). The blood is then filtered
out by the kidneys, thus excreted through the urinary tract theoretically at a constant rate
(Diskin 2007; Proulx et al. 2005). However, there are some concerns with this method in
that the excretion rate may vary based on bodyweight (Barber and Wallis 1986), diet
(Jacobsen et al. 1979), age and sex (James et al. 1988), pregnancy (Sawyer et al. 1982;
Sims and Krantz 1958), disease (Chadha et al. 2001; George 2001), and demographic
population (Miller et al. 2004). Another factor affecting accuracy in CR levels is its
sensitivity to degradation as a result of freeze-thaw cycles (Garde et al. 2003; Schneider
114

et al. 2002). Contributing factors to inaccurate measurements of CR in domestic animals
and humans leads to the question of whether this method is suitable for wildlife species.
Two methodologies widely used in human and domestic animal urine dilution
analysis are specific gravity (SG) and osmolality (OS). SG is the ratio of the density of
urine compared to that of pure water (Di Bella et al. 2014). The ratio of density is
determined based on the number of particles in the solution and their molecular mass.
Urine samples are primarily composed of small molecules (NaCl and urea); therefore,
those with a respective large mass, such as glucose and proteins, are not typically found
in urine. This general concept justifies the use of SG for urinary normalization. Similarly,
OS refers to osmotic pressure, defined as the number of moles of solute per liter of
solution, referring to molar concentration (Hendriks, De Bruijne, and Van Den Brom
1978). In contrast to SG which depends on the number of particles and their molecular
size, OS is affected only by the number of particles present in the solution. Both
techniques have been identified to have strong positive correlations with each other and
with CR in urine from a variety of species. The majority of these studies have focused on
clinical practice implementations in: humans (Barber and Wallis 1986; Miller et al. 2004;
Muscat et al. 2011; Wyness et al. 2016), canines (Dossin et al. 2003; Hendriks, De
Bruijne, and Van Den Brom 1978), and felines (Di Bella et al. 2014; Ross and Finco
1981).
Primatologists confirmed freeze-thaw cycles do not affect SG measurements in
wild and captive chimpanzees (Anestis et al. 2009) and found high correlations between
urinary CR and SG in rhesus macaques (Thibodeaux et al. 1990; Thibodeaux et al. 1989),
chimpanzees (Anestis et al. 2009), captive gorillas and captive woolly monkeys (White et
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al. 2010). In addition, SG is non-destructive, portable with the use of a hand-held
refractometer, and inexpensive. By contrast, OS is minimally destructive, but requires
expensive desktop instrumentation. Utilizing these techniques in place of CR can
decrease error, variation, and minimize sample destruction; therefore, it is proposed to
assess these prospective alternative techniques to normalize urinary hormone metabolites.
In this study, a series of experiments on giant panda urine samples were evaluated
for normalization factors (CR, SG, and OS) and reproductive hormones (E1G, P4, and
PGFM). Normalization techniques were assessed at the individual, gender, and full model
levels. As further validation, each normalization technique’s efficacy across urinary
reproductive hormones was assessed in estrous and pregnancy profiles.
Materials and Methods
Study I: Evaluation methods of urine normalization in the giant panda
Animals and urine collection
Urine samples were obtained from six (3 male; 3 female) captive individuals
located at the: Memphis Zoo, Zoo Atlanta, and Toronto Zoo. Each institution provided
samples from one male and one female giant panda. Individuals are identified by their
international studbook number (SB). Memphis Zoo housed individuals LeLe (male,
SB466) and YaYa (female, SB507); Zoo Atlanta housed YangYang (male, SB461) and
LunLun (female, SB452); Toronto Zoo housed individuals DaMao (male, SB732) and
ErShun (female, SB676).
Samples were collected opportunistically from each individual’s enclosure as part
of routine husbandry and stored frozen at -20°C until analysis. Samples (n=10/individual)
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were collected between 2012 and 2015 and had a minimum volume of 0.5 ml. Samples
were shipped frozen to Mississippi State University and stored (-80°C) until analysis.

Table 4.1

Giant panda urine samples monitored for creatinine, specific gravity, and
osmolality
Reproductive

Zoo

Studbook #

Name

Gender

Samples

Memphis

466

LeLe

Male

2012

Breeding

507

YaYa

Female

2014

Breeding

461

YangYang

Male

2015

Non-breeding

452

LunLun

Female

2015

Non-breeding

732

DaMao

Male

2014

Non-breeding

676

ErShun

Female

2014

Non-breeding

Atlanta

Toronto

Season

Jaffe method, hand-held refractometer, and osmometer analysis
Urinary CR concentrations were measured using the Jaffe method developed by
Taussky in 1954. Absorbance levels were determined using a SpectraMax Plus 384
microplate reader with a wavelength of 490nm (Molecular Devices, Sunnyvale, CA), and
CR concentrations were estimated with a four-parameter logistic curve model using a free
online analysis program called MyAssays Desktop Explorer (MyAssays Ltd., Brighton,
117

Sussex, UK). SG measurements were collected using an Atago #PAL-10S hand-held
digital urine SG refractometer (Atago USA, Bellevue, WA). Undiluted samples were
analyzed with a total volume of 100µl for SG and 10µl for OS measurements per
replicate. OS values were quantified using a Vapro model 5600 benchtop osmometer
(Vapro®, Logan, UT) calibrated prior to use and between every ten samples with
supplied opti-mole OS standards 100, 290, and 1000 mmol/kg. Respectively, scientific
units for CR and OS are μg/ml urine and mmol/kg; however, SG does not have a
scientific unit because it is a ratio of two densities. Three replicates were run for each
technique: CR, OS, and SG.
Study II: Application of alternatives to CR for correcting urinary dilution factors to
monitor reproductive endocrine metabolites
Animals and urine collection
Samples were collected from giant pandas (n=2 females, 1 estrous cycle and
pregnancy each) housed in North American zoological institutions from 2014 to 2016.
Both individuals are identified by their international studbook numbers: the Toronto Zoo
(ErShun, SB676) and Zoo Atlanta (LunLun, SB452). LunLun was born on August 25,
1997 and ErShun on August 10, 2007, both in Chinese captive breeding centers. During
the study, each female had limited or no physical contact with their respective male
counterparts (n=1 per institution) outside of estrous.
In 2016, samples (n=65) were collected from February to October, encompassing
LunLun’s estrous cycle, artificial insemination (AI), full term pregnancy, and parturition.
From this pregnancy, female twins were born on September 3, 2016. ErShun, housed at
the Toronto Zoo, was the individual for which samples are representative of an estrous
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cycle in 2014 and pregnancy in 2015, thus separate reproductive cycles. Estrous cycle
samples (n=34) were collected from March to June 2014 and pregnancy samples (n=30)
in the year 2015, from August to October. On October 13, 2015, ErShun gave birth to
two cubs, one male and one female. Both pregnancies resulted from successful artificial
insemination. Samples were transported to Mississippi State University and kept frozen at
(-80°C) until analysis.
Urinary hormone analysis
Urinary estrous samples between February and early June were subjected to
measurement of estrone-3-glucuronide (E1G) and progesterone (P4) metabolite
concentrations. Pregnancy samples between late June and October were run for
quantification of P4 and 13,14-dihydro-15-keto-PGF2α (PGFM) hormones. PGFM was
recently found to accurately diagnose pregnancy and predict parturition in giant pandas
(Roberts et al. 2018). Quantify these urinary reproductive hormones was done using the
DetectX #K036 E1G Enzyme Immunoassay (EIA) kit (Arbor Assays, Ann Arbor, MI),
DetectX #K025 P4 EIA kit (Arbor Assays, Ann Arbor, MI), and DetectX #K022 PGFM
EIA kit (Arbor Assays, Ann Arbor, MI). The manufacturing information for the Arbor
Assay (AA) E1G EIA kit states the cross reactivity for the E1G antibody was 100% with
E1G, 66.6% with estrone-3-sulfate, 238% with estrone, 7.8% with 17β-estradiol, 3.8%
with estradiol-3-glucuronide, 3.3% with estradiol-3-sulfate, 0.1% with estradiol-17sulfate, and less than 0.1% with P4, estriol, cortisol, testosterone, and pregnanediol. The
AA P4 EIA kit states the cross reactivity for the P4 antibody was 100% with P4, 172% 3βhydroxy-progesterone, 188% for 3α-hydroxy-progesterone, 2.7% for 11β-hydroxyprogesterone, 147% for 11α-hydroxy-progesterone, 7.0% for 5α-dihydroprogesterone,
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5.9% for pregnenolone, and less than 0.1% for corticosterone and androstenedione. The
AA PGFM EIA kit reports cross reactivity for the PGFM antibody as 100% with PGFM,
1.5% for PGEM, and 0% percent for prostaglandin F2α, prostaglandin E2, tetranorPGFM, tetranor-PGEM, 11β-PGF2α, PGF2β, and PGAM. Prior to hormone analysis,
urine samples were centrifuged, aliquoted, and diluted in the specified assay buffer to
ensure 20-80% antibody binding within the ranges of each assay. Parallel curves were run
for each hormone assay to estimate corresponding dilution factors during baseline and
peak stages, respectively. Optical density was determined using a SpectraMax Plus 384
microplate reader (Molecular Devices, Sunnyvale, CA) with the respective wavelength of
450nm. Each hormone concentration was estimated with a four-parameter logistic curve
model on a free online analysis program called MyAssays Desktop Explorer (MyAssays
Ltd., Brighton, Sussex, UK).
Jaffe method, hand-held refractometer, and osmometer analysis
Methodologies for all three techniques are as described earlier in Study I, except
for the following revisions. In this study, SG measurements were obtained using a Palm
AbbeTM #PA203X hand-held refractometer (MISCO®, Solon, OH). CR dilution factors
were estimated prior to colorimetric analysis based on the following SG values; <1.0149
(1:20), 1.0249 > 1.0150 (1:40, 1:80), >1.0250 (1:160). Final urinary hormone
concentrations were reported as ng/mg Cr (CR), ng/ml (SG) and (ng/ml)(mol/kg) (OS),
respectively.
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The following CR corrected formula was applied to each sample as follows:
.
𝑆𝑆𝑟𝑟𝑟𝑟 ℎ𝑜𝑜𝑆𝑆𝑆𝑆𝑜𝑜𝑜𝑜𝑆𝑆 𝑆𝑆𝑜𝑜𝑜𝑜𝑆𝑆𝑆𝑆𝑜𝑜𝑆𝑆𝑆𝑆𝑟𝑟𝑆𝑆𝑐𝑐𝑜𝑜𝑜𝑜 (
𝑆𝑆𝑛𝑛 𝐶𝐶𝑆𝑆
�
𝑆𝑆𝑚𝑚

𝑆𝑆𝑆𝑆𝑆𝑆𝑟𝑟𝑆𝑆𝑐𝑐𝑜𝑜𝑐𝑐𝑜𝑜𝑆𝑆 �

𝑜𝑜𝑛𝑛
)
𝑆𝑆𝑚𝑚 = CR corrected concentration (𝑜𝑜𝑛𝑛⁄𝑆𝑆𝑛𝑛 Cr)

The SG correction formula applied to each samples was as follows:

𝑜𝑜𝑛𝑛 (𝑆𝑆𝑆𝑆𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆𝑟𝑟𝑛𝑛𝑆𝑆 − 1.0)
𝑆𝑆𝑟𝑟𝑟𝑟 ℎ𝑜𝑜𝑆𝑆𝑆𝑆𝑜𝑜𝑜𝑜𝑆𝑆 𝑆𝑆𝑜𝑜𝑜𝑜𝑆𝑆𝑆𝑆𝑜𝑜𝑆𝑆𝑆𝑆𝑟𝑟𝑆𝑆𝑐𝑐𝑜𝑜𝑜𝑜 � � ∗
(𝑆𝑆𝑆𝑆𝑆𝑆𝑟𝑟𝑆𝑆𝑆𝑆𝑚𝑚𝑆𝑆 − 1.0)
𝑆𝑆𝑚𝑚
= 𝑆𝑆𝑆𝑆 𝑆𝑆𝑜𝑜𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐 𝑆𝑆𝑜𝑜𝑜𝑜𝑆𝑆𝑆𝑆𝑜𝑜𝑆𝑆𝑆𝑆𝑟𝑟𝑆𝑆𝑐𝑐𝑜𝑜𝑜𝑜 (𝑜𝑜𝑛𝑛⁄𝑆𝑆𝑚𝑚)

The SGaverage is a population mean. The average SG used was 1.0107 (n=65) for
LunLun samples and 1.0079 (n=65) for ErShun samples. The OS correction formula
applied to each sample was as follows.

𝑆𝑆𝑟𝑟𝑟𝑟 ℎ𝑜𝑜𝑆𝑆𝑆𝑆𝑜𝑜𝑜𝑜𝑆𝑆 𝑆𝑆𝑜𝑜𝑜𝑜𝑆𝑆𝑆𝑆𝑜𝑜𝑆𝑆𝑆𝑆𝑟𝑟𝑆𝑆𝑐𝑐𝑜𝑜𝑜𝑜 (
𝑜𝑜𝑆𝑆𝑆𝑆𝑜𝑜𝑚𝑚𝑟𝑟𝑚𝑚𝑐𝑐𝑆𝑆𝑖𝑖 (

𝑆𝑆𝑆𝑆𝑜𝑜𝑚𝑚
)
𝑘𝑘𝑛𝑛

𝑜𝑜𝑛𝑛
)
𝑆𝑆𝑚𝑚 = (𝑜𝑜𝑛𝑛⁄𝑆𝑆𝑚𝑚)(𝑆𝑆𝑆𝑆𝑜𝑜𝑚𝑚⁄𝑘𝑘𝑛𝑛)
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= 𝑂𝑂𝑆𝑆 𝑆𝑆𝑜𝑜𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐 𝑆𝑆𝑜𝑜𝑜𝑜𝑆𝑆𝑆𝑆𝑜𝑜𝑆𝑆𝑆𝑆𝑟𝑟𝑆𝑆𝑐𝑐𝑜𝑜𝑜𝑜 (𝑜𝑜𝑛𝑛⁄𝑆𝑆𝑚𝑚)(𝑆𝑆𝑆𝑆𝑜𝑜𝑚𝑚⁄𝑘𝑘𝑛𝑛)

Statistical analysis
Shapiro-Wilk normality test, skewness, and kurtosis distribution statistics were
conducted on all variables prior to analysis. Pearson (parametric) and Spearman Rho
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(non-parametric) correlations were assessed and reported based on normality test results.
Correlations were used to determine agreement among variables CR, SG, and OS. All
variable distributions were consistently skewed positive, thus transformations were
assessed. Log10, cube root, and square root transformations were the most effective on
improving normality, thus implemented for further correlation and regression analysis.
In the reproductive metabolite study, transformations log10 and square root were selected
of the three transformations to determine variable correlations and regression equations.
All hormone concentrations, corrected and uncorrected, were compared via Wilcoxon
signed rank sum test to evaluate differences in means between CR, SG, and OS. SPSS
Statistics 24 software (IBM, Armonk, NY) was used for all statistical calculations and
plots were created in Sigma Plot 12.5 (Systat Software, San Jose, CA). All tests were
two-tailed with an alpha level of 0.01 and 0.05.
Results
Study I: Evaluation methods of urine normalization in the giant panda
Correlation coefficients of the urine normalization comparison study, entailing six
giant pandas, are summarized in Table 4.2. Correlations were assessed at the individual,
gender, and overall population levels. CR, SG, and OS correlations were consistently
positive in captive giant panda urine samples across all levels. CR and SG correlations at
the individual level all resulted in values greater than 0.90, except for YangYang
(Spearman Rho’s = 0.86, N = 10, P<0.01). CR correlations with OS ranged from 0.83 to
0.96 with half of the individuals above and below 0.90.
Gender and overall levels produced higher CR correlation coefficients with SG
compared to OS. Male urine CR and SG values were strongly correlated (Pearson r =
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0.91, N=29, P<0.01) (Figure 4.1, Graph A). Male OS values were also significantly
associated with CR (Pearson r = 0.89, N=29, P<0.01) (Figure 4.1, Graph B). Female
correlations were lower compared to males, but relatively strong overall. At the female
level, the SG and CR correlation (Spearman Rho = 0.83, N = 29, P<0.01) was greater
than OS and CR (Spearman Rho = 0.75, N = 29, P<0.01) (Figure 4.1, Graphs C and D).
The overall (full) model was comprised of 58 samples and produced significant CR
correlations among SG (Spearman Rho = 0.89, P<0.01) OS (Spearman Rho = 0.85,
P<0.01) (Figure 4.1, Graphs E and F).
For a direct comparison of SG and OS as alternatives to CR, regression models
were fitted. CR was set as the dependent variable in both models with SG and OS as the
independent variables. Prior to univariate regression analysis, the following
transformation methods (reciprocal, logarithm, natural logarithm, cube root, square root,
and square) were assessed to determine the best fit pre-treatment to redistribute data from
non-parametric to parametric. Descriptive statistics skew and kurtosis coupled with the
Shaprio-Wilk test were used to assess parametric parameters. Logarithm, cube root, and
square root transformations all produced normally distributed data. Pearson correlation
values (post transformation) for each individual and group are reported in Tables 4.3, 4.4,
and 4.5. All three transformations resulted in coefficients greater than 0.85, but logarithm
and square root consistently had the highest correlations. Therefore, these two
transformations were implemented at the full model level for each independent variable
for regression analysis. Regression equations for each transformation can be found in
Table 4.7 (Equations 1 through 4).
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Table 4.2

Correlation matrix of urinary creatinine (CR), specific gravity (SG), and
osmolality (OS) at the individual, gender, and overall levels
Individual

Gender

SG
466
(N=9)

Male

Gender

OS

SG

OS

SG

OS

CR 0.95ab 0.96ab
SG

0.98ab CR 0.91ab 0.89ab

CR 0.86ac 0.83ac
461
(N=10) SG
0.97ac

CR 0.89ac 0.85ac

CR 0.94ab 0.86ab SG
732
(N=10) SG
0.98ab
507
(N=9)

Overall

0.97ab

CR 0.95ab 0.93ab
SG

1.00ab CR 0.83ac 0.75ac

CR 0.92ab 0.93ab
452
Female
(N=10) SG
0.99ab

SG

CR 0.91ac 0.84ac SG
676
(N=10) SG
0.95ac
a

Correlation is significant at the 0.01 level (two-tailed)
Pearson Correlation
c
Spearman Rho Correlation
b
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0.98ac

0.98ac

B

1.025

750

1.020

600

Osmolality (mmol/kg)

Specific Gravity

A

1.015
1.010
1.005

450
300
150
0

1.000
0

1

2

3

0

4

3

4

D

1.025

750

1.020

600

Osmolality (mmol/kg)

Specific Gravity

C

1.015
1.010
1.005

450
300
150
0

1.000
0

1

2

3

0

4

1

2

3

4

Creatinine (mg/ml)

Creatinine (mg/ml)

F

E
1.025

750

1.020

600

Osmolality (mmol/kg)

Specific Gravity

2

Creatinine (mg/ml)

Creatinine (mg/ml)

1.015
1.010
1.005
1.000

450
300
150
0

0

1

2

3

4

0

Creatinine (mg/ml)

Figure 4.1

1

1

2

3

4

Creatinine (mg/ml)

Correlations in giant panda urine at the gender and full models

(A & B) Male (n=29) correlations: SG (Pearson R2 = 0.84) and OS (Pearson R2 = 0.79);
(C & D) Female (n=29) correlations: SG (Spearman rho R2 = 0.69) and OS (Spearman
Rho R2 = 0.57). (E & F) Full model positive correlations between creatinine and
independent variables specific gravity (R2 = 0.80) and osmolality (R2 = 0.73) in captive
giant panda urine (n=58).
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Table 4.3

Pearson correlation coefficients post transformation at the individual level
Individual Correlation Coefficient
Specific Gravity

Osmolality

Cube Square
Cube Square
Log10
Root Root
Root Root
Log10
0.93
0.93
CR
Cube Root
0.94
0.94
LeLe
Square Root
0.94
0.95
466
Log10
0.99
(N=9)
SG
Cube Root
0.99
Square Root
0.99
Log10
0.91
0.88
CR
Cube Root
0.93
0.90
YangYang
Square Root
0.93
0.90
461
Log10
0.99
(N=10)
SG
Cube Root
0.99
Square Root
0.99
Log10
0.97
0.94
CR
Cube Root
0.96
0.92
DaMao
Square Root
0.96
0.91
732
Log10
0.99
(N=10)
SG
Cube Root
0.99
Square Root
0.98
Log10
0.95
0.95
CR
Cube Root
0.95
0.94
YaYa
Square Root
0.95
0.94
507
Log10
1.00
(N=9)
SG
Cube Root
1.00
Square Root
1.00
Log10
0.92
0.92
CR
Cube Root
0.92
0.93
LunLun
Square Root
0.92
0.93
452
Log10
0.99
(N=10)
SG
Cube Root
0.99
Square Root
0.99
Log10
0.96
0.95
CR
Cube Root
0.96
0.96
ErShun
Square Root
0.96
0.96
676
Log10
0.98
(N=10)
SG
Cube Root
0.98
Square Root
0.98
All correlations were significant at the 0.01 level (two-tailed)
Identification

Log10
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Log10
0.93*
Cube Root
Square Root
Male
Log10
Specific
Gravity
Cube Root
(N=29)
Square Root
Log10
0.87*
Creatinine
Cube Root
(N=29)
Square Root
Female
Log10
Specific
Gravity
Cube Root
(N=29)
Square Root
*Correlation is significant at the 0.01 level (two-tailed)

Creatinine
(N=29)

Log10

0.87*

0.93*

0.88*

0.93*

0.98*

0.80*

0.98*

0.92*

0.98*

0.81*

0.98*

0.91*

Cube
Root

Log10

Cube
Root

Square
Root

Osmolality

Specific Gravity

Gender Correlation Coefficient

Pearson correlation coefficients post transformation at the gender level

Gender

Table 4.4
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0.98*

0.81*

0.98*

0.91*

Square
Root

Table 4.5

Specific
Gravity
(N=58)

Creatinine
(N=58)

Square Root

Cube Root

Log10

Square Root

Cube Root

Log10

0.899*

Log10

0.902*
0.902*
0.980*

0.858*

0.980**

0.858*

Cube
Root

Log10

Cube
Root

Square
Root

Osmolality

Specific Gravity

Overall Correlation Coefficient

Pearson correlation coefficients post transformation at the full model level.

*Correlation is significant at the 0.01 level (two-tailed)
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0.979*

0.857*

Square
Root

Table 4.6

ErShun
(N=62)

LunLun
(N=65)

0.86
0.83
0.84
0.90
0.94

2014 (29)
2014 (29)
2015 (33)
2014 (29)
2015 (33)

E1G (Estrous)
P4 (Estrous)
P4 (Pregnancy)
P4

0.88

2016 (65)

P4
2014 (29)
2015 (33)

0.71

2016 (30)

P4 (Pregnancy)

None

0.88

2016 (33)

P4 (Estrous)

0.93

0.96

2016 (32)

E1G (Estrous)

2016 (30)

0.90

2016 (65)

None

PGFM (Pregnancy)

SG vs CR

Dates (N)

Hormone

Spearman Rho correlations between urinary hormone corrected values

0.96

0.90

0.95

0.91

0.86

0.93

0.87

0.69

0.89

0.95

0.85

OS vs CR

Urine Correction

2015 (33)
0.92
0.91
PGFM (Pregnancy)
LunLun samples were collected over the year 2016 from Zoo Atlanta. ErShun samples were collected during
2014-2015 from Toronto Zoo. Number of samples applied for each correlation is indicated in parenthesis.
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0.98

0.98

0.99

0.89

0.89

0.96

1.00

0.97

0.98

0.96

0.97

0.95

SG vs OS

Study II: Application of alternatives to CR for correcting urinary dilution factors to
monitor reproductive endocrine metabolites
As in the previous study, data was assessed for skewness and kurtosis parametric
parameters, in addition to the Shaprio-Wilk test. Correlation coefficients for each
correction method, individual (LunLun and ErShun), and hormone concentrations are
reported in Table 4.6. Correlations between dependent variable, CR, and independent
variables SG and OS ranged from 0.85 to 0.90. SG corrected hormone concentrations
displayed stronger correlations with CR compared to OS for LunLun. ErShun, on the
other hand, had relatively equivalent SG and OS corrected hormone concentration
correlations with CR, except for hormones E1G and P4 during the estrous cycle. SG and
OS corrected hormones resulted in the highest correlations ranging from 0.89 to 1.00.
Hormone profiles for each correction technique were constructed and displayed in
Figures 4.2 and 4.3. The Wilcoxon Sign Rank Test was applied to compare median¬
hormone concentrations of each technique and the results can be found in Table 4.8.
Hormone comparisons were all significantly different (P<0.05) except for LunLun’s
PGFM concentrations corrected by CR and SG (P=0.199). Correlation graphs comparing
corrected hormone concentrations are represented in Figure 4. LunLun P4 concentrations
resulted in expansive ranges with the respective OS, SG, and CR correction: 4.041065.83 (ng/ml)(mol/kg), 1.37–375.61 (ng/ml), and 1.93–162.05 (ng/mg Cr). OS vales
spread across a broad range of 13.5–893.0 mmol/kg. The average SG was 1.010, with a
range of 1.0004–1.0481. CR values spread from 0.026 to 6.326 mg/ml with an average of
1.256 mg/ml for LunLun and 0.640 mg/ml for ErShun.
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Regression equations (Table 4.7) were applied to predict CR concentrations from
SG and OS values. Wilcoxon signed rank test was applied for the comparison between
corrected hormone concentrations because the data was non-parametrically distributed.
Table 4.9 shows p-values corresponding to hormone concentrations corrected by CR
predicted values generated from the pilot study (Study I) regression equations found in
Table 4.7. Hormone concentrations corrected by CR predicted values from SG logarithm
and square root equations were not significantly different for both females, except for
ErShun’s progesterone concentrations with a p-value less than 0.05. CR predicted values
from OS pilot regression equations all resulted in significantly different hormone
concentrations except for LunLun’s E1G (Log10, P=0.050; Square root, P=0.052).
Univariate regression analysis was assessed for each individual with
transformations logarithm and square root. Square root transformation did not result in
parametrically distributed data for ErShun, therefore regression analysis was not
performed for this method. Regression equations (Table 4.7) were used to predict CR
values to normalize hormone concentrations E1G, P4 and PGFM. After applying
regression equations calculated on an individual basis, all concentrations shown in Table
4.10 were not significantly different (P>0.05), except for ErShun’s E1G concentrations
with CR predicted values using SG (P=0.031). Visual representation of hormone
concentrations corrected by the respective normalization technique and CR predicted
values are displayed in Figures 4.4 through 4.7.
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Figure 4.2

LunLun hormone profiles

Female giant panda, LunLun, urinary estrogen, progesterone, and PGFM concentrations
corrected by osmolality (A), specific gravity (B), and creatinine (C).
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ErShun hormone profiles

Female giant panda, ErShun, urinary estrogen, progesterone, and PGFM concentrations
corrected by osmolality (A&B), specific gravity (C&D), and creatinine (E&F).
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LunLun hormone profiles corrected by predicted creatinine values

Female giant panda, LunLun, urinary progesterone (A&B), estrogen (C&D), and PGFM
(E&F) concentrations corrected by osmolality, specific gravity, and creatinine. Graphs A,
C, and E are comparisons of all three normalization techniques. Graphs B, D, and F are
steroid concentrations corrected by creatinine predicted values.
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80

ErShun estrous cycle profiles corrected by predicted creatinine values

Female giant panda, ErShun, urinary progesterone (A&B) and estrogen (C&D)
concentrations corrected by osmolality, specific gravity, and creatinine. Graphs A and C
are comparisons of all three normalization techniques. Graphs B and D are steroid
concentrations corrected by creatinine predicted values.
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ErShun pregnancy profiles corrected by predicted creatinine values

Female giant panda, ErShun, urinary PGFM (A&B) and progesterone (C&D)
concentrations corrected by osmolality, specific gravity, and creatinine. Graphs A and C
are comparisons of all three normalization techniques. Graphs B and D are steroid
concentrations corrected by creatinine predicted values.
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Table 4.7
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ErShun
(n=62)

LunLun
(n=65)

Samples
Pilot
Study
(n=58)

Specific
Gravity

Osmolality

Specific
Gravity

Osmolality

10
11
12

Square Root
Log10
Square Root

8

Square Root
9

7

Log10
Log10

6

Square Root

4

Square Root
5

3

Log10
Log10

2

Square Root

Specific
Gravity

1

Log10

Osmolality

n/a

2.466

n/a

0.544

-0.744

3.176

-0.553

0.609

-0.496

3.086

-0.277

0.696

Transformation Equation # Intercept

Technique

n/a

1.308

n/a

1.290

17.348

1.621

2.766

1.336

14.834

1.563

2.419

1.302

Slope

Regression analysis equations for converting osmolality and specific gravity to creatinine.

n/a

0.748

n/a

0.795

0.783

0.809

0.684

0.692

0.813

0.808

0.734

0.737

R2

Table 4.8

PGFM

E1G

P4

Hormone

Specific
Gravity

Creatinine

Specific
Gravity

Creatinine

Specific
Gravity

Creatinine

0.199

0.044

<0.0001

0.029

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

Osmolality

Specific
Gravity

LunLun

<0.0001

<0.0001

<0.0001

Specific
Gravity

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

Osmolality

ErShun

Wilcoxon signed Rank test p-value results for the specific gravity and osmolality corrected hormone concentrations
comparison.

Alpha level of 0.05
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LunLun

Specific
Gravity

PGFM

0.005

0.001

0.019

0.052

<0.0001

Square
0.001
Root
Equations 1 through 4 from Table 8 implemented for creatinine predicted values.

Log10

0.033

0.094

Square
Root
Creatinine Original
0.178

0.038

Log10

Specific
Gravity

0.05

0.654

Square
Root
Creatinine Original
0.345

0.001

Log10

Specific
Gravity

E1G

P4

0.178

0.734

0.094

0.520

<0.0001

0.005

0.033

0.001

0.001

0.001

<0.0001

<0.0001 <0.0001

<0.0001

Specific
Osmolality
Gravity
Square
Square
Log10
Log10
Root
Root
0.003
0.001 <0.0001 <0.0001

ErShun

P-values (α=0.05) of comparative statistics (Wilcoxon signed rank test) analyzing means of corrected hormone
concentrations via regression equations from Experiment I.

Specific
Osmolality
Gravity
Square
Square
Hormone
Log10
Log10
Root
Root
0.314
0.011
0.011
Creatinine Original 0.302

Table 4.9
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Specific
Gravity

PGFM

0.478

0.517

0.736

0.513

0.640

0.524

0.031

N/A

N/A

Specific Gravity
Square
Log10
Root
0.677
N/A

0.724

0.493

0.116

0.080

0.622

N/A

N/A

N/A

N/A

Osmolality
Square
Log10
Root
0.768
N/A

ErShun

Square
0.845
N/A
Root
Equations 5-8 from Table 8 implemented for LunLun; equations 9 and 11 were implemented for ErShun creatinine predicted values

Log10

0.262

0.098

Square
Root
Creatinine Original
0.086

0.874

Log10

Specific
Gravity

0.100

0.291

Square
Root
Creatinine Original
0.059

0.984

Osmolality
Square
Log10
Root
0.559
0.904

Log10

Specific
Gravity

E1G

P4

Creatinine Original

Specific Gravity
Square
Log10
Root
0.827
0.935

LunLun

Comparative statistics testing the means of the distribution between reproductive hormones (P4, E1G, and PGFM) and
the normalization technique. Regression equations related per individual were applied and compared.

Hormone

Table 4.10
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Discussion
Study I: Evaluation methods of urine normalization in the giant panda
The first goal of this study was to evaluate SG and OS as CR replacement
techniques. In Study I, we demonstrate that SG and OS are equally as reliable as the
standard CR assay used for normalization of urinary water content in giant pandas. This
is found to be true at the individual, gender, and full model levels. Interference among
each correction technique was expected to be minimal because all subjects contained no
health concerns. As displayed in Table 4.2, CR correlations are strongest at the individual
level and decrease as the model generalizes, with exception to the correlations between
SG and OS. As we predicted, low variation among individual urine molecular weights
was observed, but there is a possibility varying diets could affect the reliability of CR and
SG values. With giant pandas having an exclusive bamboo diet, the likelihood of diet
negatively affecting either method in this study is of low probability.
Study II: Application of alternatives to CR for correcting urinary dilution factors to
monitor reproductive endocrine metabolites
Analysis at the individual level was further assessed to show the efficacy of
urinary CR, SG, and OS as correction factors for measuring urinary hormone
concentrations. All three techniques, with and without hormone concentrations taken into
consideration, display strong correlations with one another. Generally, SG and OS
consistently show the strongest correlation among both female subjects (LunLun and
ErShun). As previously discussed, SG and OS quantification methods are closely related
with the primary difference being SG calculations take molecular mass of urinary solutes
into consideration. Interestingly, SG and CR correlations are generally lower for P4
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throughout estrous and pregnancy for LunLun, but ErShun correlations are lower for both
E1G and P4 during estrous. The hormone profiles generated using all three correction
methods are visual demonstrations as to why these correlations are lower for P4.
In general, OS corrected hormone concentrations are the highest with SG
corrected concentrations being the lowest and CR concentrations falling between the two.
We provide evidence and obtain the same conclusion as Wauters et al. (2017) that
hormone profiles generated using SG and OS have a higher signal-to-noise ratio
compared to profiles created using the CR assay. Consequently, the SG and OS hormone
profiles display the sharp peaks researchers consider when monitoring gestation in
pregnant females, such as the distinct peak of P4 that occurs prior to birth. This important
indicator spike is visible in the SG and OS based profiles of P4, but not definitively in the
broader CR based profile. Reliably identifying this P4 peak provides a precise date of
parturition, which is critical when analysis is limited by sample availability.
With CR excretion, the academic standard for normalizing urinary dilution
factors, some researchers may be hesitant to switch correction methods. Consequently,
switching methods results in the inability to compare hormone concentrations that have
previously been established for an individual, gender, or species. With this information in
mind, we analyzed the ability to predict CR concentrations based on SG and OS values.
SG and OS regression analysis equations are most effective at the individual level, but
species specific equations were found to be the only accurate comparison with CR in
regard to SG. This information provides evidence that a general CR prediction equation
can be implemented to compare current hormone concentrations with previously
established concentrations.
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Previous normalization studies conducted with urine samples from humans
(Barber and Wallis 1986; Miller et al. 2004; Muscat et al. 2011; Wyness et al. 2016),
primates (Anestis et al. 2009; Thibodeaux et al. 1990; Thibodeaux et al. 1989; White et
al. 2010), domestic animals (Di Bella et al. 2014; Dossin et al. 2003; Hendriks, De
Bruijne, and Van Den Brom 1978; Ross and Finco 1981), and birds (Brock et al. 2013)
have discovered positive correlations in these correction methods. CR is measured via the
Jaffe method (Taussky 1956) entailing the use of picric acid, an explosive chemical when
dry, and creates hazardous waste. The assay also requires other expendable reagents and
materials, thus more expensive and time consuming. OS, the measure of solute
concentration, has been the gold standard for human medicine (Chadha et al. 2001) but
requires an osmometer. Over the years, osmometers have decreased in cost and increased
productivity, but remain the most expensive option of the three techniques. OS
quantification considers all solutes equally, no matter the structure or molecular mass,
while SG relies on molecular mass. SG is the ratio of weight given a volume of solute
(urine) to an equal volume weight of distilled water (Dossin et al. 2003), and the
instrument used for quantification can be either a manual or hand-held refractometer.
A study conducted by Wyness et al. (2016) compared the use of manual and
hand-held refractometers, along with an osmometer. The researchers found that not only
is the hand-held refractometer budget friendly, easy to use, and a fast method, it is also
sufficient for clinical laboratory performance due to precision, accuracy, linearity,
analytical sensitivity, and reference interval verification. Sample size was taken into
account with volumes as low as 60 µl found to be reliable, which can be important in
instances of low sample size. In our study, 100 µl of undiluted urine was consistently
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used for each sample and replicate. Another advantage to this technique is its nondestructive nature, whereas CR and OS are destructive. This benefit warrants the ability
to recollect the sample, use for further analysis, and acquire additional information. With
affordability, small stature, and light weight characteristics, the hand-held refractometers
permit portability and convenience for wildlife researchers either in the field or in the lab.
CR excretion has been demonstrated to exhibit variation during pregnancy
(Sawyer et al. 1982), within individuals (Muscat et al. 2011), and among populations
(Miller et al. 2004) stimulating questions on the extensive and continued use of CR in the
field of wildlife endocrinology. Progesterone is commonly known as the pregnancy
hormone, thus applied for diagnosing pregnancy and parturition. In giant pandas,
progesterone increases during pregnancy, but coincidentally increases in the event of
pseudo-pregnancies (false pregnancy), giving a false positive result. Not only is the
hormone a non-discriminant test for pregnancy, but it has drastically lower CR
correlations with SG and OS.
Sawyer et al. (1982) found urine CR excretion was reduced in human
pregnancies, which could result in over predicting hormone concentrations, increased
concentration differences, and a reduction in correlation between measured and predicted
values. They also found lower CR metabolites were consistent with individuals whom
developed pre-eclampsia, also known as toxemia. With this diagnosis, common
symptoms are high blood pressure, swelling of hands and feet, and protein present in
urine. Not only could pre-eclampsia affect CR excreted levels, but SG with the presence
of protein molecules in the urine. Results from our study are the opposite of those
reported by Bahr et al. (1998). During pregnancy, human subjects experienced lower CR
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concentrations, contrasting what we discovered in giant pandas with CR excretion
increasing two weeks prior to and post parturition. A potential explanation for the drastic
spike in CR levels during this period is a behavioral response, observed by Memphis Zoo
Researchers, to which female giant pandas decrease daily water intake.
Another concern with applying CR for normalization is the high probability CR
biomolecules will degrade over time (Garde et al. 2003) and with multiple freeze-thaw
cycles (Anestis et al. 2009). In the field of wildlife endocrinology, where collection of
biological samples are frequently opportunistic and limited by enclosure facilities,
samples may not be collected and properly stored in a timely manner. This could
negatively affect the accuracy and dependability of correction factors for hormone
analysis. Ultimately, of the three proposed normalization techniques, SG is the fastest,
least expensive, non-destructive, and rendered distinct hormone peaks for all three
hormones. Therefore, the proposed normalization technique to implement for accurate
and reliable hormone concentrations is SG.
Conclusions
A number of different non-destructive and minimally destructive techniques were
tested for normalization of urine samples and for monitoring reproductive status in the
giant panda. Between the normalization factors, each had advantages and disadvantages.
Depending on the amount of time and finances researchers are willing to invest in
reproductive monitoring plays a factor to which technique is applicable. CR is the current
academic standard for normalization, but requires time and capital (expendable reagents,
dilutions, running assays, etc.) and is a destructive assay. SG is a rapid, reliable,
inexpensive, and non-destructive method for normalization; however, disease resulting in
145

the excretion of large molecular mass biomolecules into the urine, such as toxemia or
diabetes, will result in inaccurate values. If the subject is ill with a disease affecting SG
and/or CR values, OS will provide the most accurate values for normalization, but at the
expense of an osmometer and time to calibrate. CR, SG, and OS all produced relatively
similar hormone profiles with the exception of progesterone. CR corrected urinary
progesterone metabolites provide an ambiguous interpretation relating to pregnancy,
compared to SG and OS, to which provide clearer evidence of the P4 spike prior to
parturition due to the reduction of the signal-to-noise ratio. The analysis of urinary
reproductive metabolites provides accurate results in most cases, but requires
normalization, daily sample collections, costly assay reagents, time, and focus on a single
hormone of interest. The results proposed are potentially advantageous for future studies
in regard to giant panda reproduction, such as providing clearer answers to events such as
delayed implantation. Transferal of these techniques to other mammalian species and
taxonomic groups are for further investigation.

146

5HIHUHQFHV
$QHVWLV6)$$%UHDNH\00%HXHUOHLQDQG5*%ULELHVFDV³6SHFLILF
*UDYLW\DVDQ$OWHUQDWLYHWR&UHDWLQLQHIRU(VWLPDWLQJ8ULQH&RQFHQWUDWLRQLQ
&DSWLYHDQG:LOG&KLPSDQ]HH 3DQWURJORG\WHV 6DPSOHV´$PHULFDQ-RXUQDORI
3ULPDWRORJ\  ±
%DKU1,&53U\FH0'öbeOLDQG5'0DUWLQ³(YLGHQFHIURP8ULQDU\
&RUWLVRO7KDW0DWHUQDO%HKDYLRU,V5HODWHGWR6WUHVVLQ*RULOODV´3K\VLRORJ\DQG
%HKDYLRU  ±
%DUEHU7(DQG*:DOOLV³&RUUHFWLRQRI8ULQDU\0HUFXU\&RQFHQWUDWLRQE\
6SHFLILF*UDYLW\2VPRODOLW\DQG&UHDWLQLQH´-RXUQDORIRFFXSDWLRQDOPHGLFLQH
RIILFLDOSXEOLFDWLRQRIWKH,QGXVWULDO0HGLFDO$VVRFLDWLRQ  ±
%URFN3$HWDO³&RPSDULVRQRI2VPRODOLW\DQG5HIUDFWRPHWULF5HDGLQJVRI
+LVSDQLRODQ$PD]RQ3DUURW $PD]RQDYHQWUDOLV 8ULQH´-RXUQDORI$YLDQ0HGLFLQH
DQG6XUJHU\  ±
&KDGKD98*DUJDQG86$ORQ³0HDVXUHPHQWRI8ULQDU\&RQFHQWUDWLRQ´
3DHGLDWULF1HSKURORJ\±
'L%HOOD$HWDO³5HODWLRQVKLSDQG,QWUD,QGLYLGXDO9DULDWLRQEHWZHHQ8ULQH
6SHFLILF*UDYLW\DQG8ULQH2VPRODULW\LQ+HDOWK\&DWV´&RPSDUDWLYH&OLQLFDO
3DWKRORJ\  ±
'LVNLQ&-³&UHDWLQLQHDQG*ORPHUXODU)LOWUDWLRQ5DWH(YROXWLRQRIDQ
$FFRPPRGDWLRQ´$QQ&OLQ%LRFKHP±
'RVVLQ2&*HUPDLQDQG-3%UDXQ³&RPSDULVRQRIWKH7HFKQLTXHVRI
(YDOXDWLRQRI8ULQH'LOXWLRQFRQFHQWUDWLRQLQWKH'RJ´-RXUQDORI9HWHULQDU\
0HGLFLQH  ±
*DUGH$+c0+DQVHQDQG-.ULVWLDQVHQ³(YDOXDWLRQ,QFOXGLQJ(IIHFWVRI
6WRUDJHDQG5HSHDWHG)UHH]LQJDQG7KDZLQJRID0HWKRGIRU0HDVXUHPHQWRI
8ULQDU\&UHDWLQLQH´6FDQGLQDYLDQ-RXUQDORI&OLQLFDODQG/DERUDWRU\,QYHVWLJDWLRQ
 ± ±
*HRUJH-:³7KH8VHIXOQHVVDQG/LPLWDWLRQVRI+DQG+HOG5HIUDFWRPHWHUVLQ
9HWHULQDU\/DERUDWRU\0HGLFLQH$Q+LVWRULFDODQG7HFKQLFDO5HYLHZ´9HWHULQDU\
&OLQLFDO3DWKRORJ\  ±
+HQGULNV+---'H%UXLMQHDQG:(9DQ'HQ%URP³7KH&OLQLFDO
5HIUDFWRPHWHU$8VHIXO7RROIRUWKH'HWHUPLQDWLRQRI6SHFLILF*UDYLW\DQG
2VPRODOLW\LQ&DQLQH8ULQH´7LMGVFKULIWYRRU'LHUJHQHHVNXQGH  ±



Jacobsen, F. K. et al. 1979. “Pronounced Increase in Serum Creatinine Concentration
after Eating Cooked Meat.” British Medical Journal 1: 1049–50.
James, G. D. et al. 1988. “A Longitudinal Study of Urinary Creatinine and Creatinine
Clearance in Normal Subjects: Race, Sex, and Age Differences.” American Journal
of Hypertension 1(2): 124–31.
Miller, R. C. et al. 2004. “Comparison of Specific Gravity and Creatinine for
Normalizing Urinary Reproductive Hormone Concentrations.” Clinical Chemistry
50(5): 924–32.
Montgomery, R., R. L. Dryer, T. W. Conway, and A. A. Spector. 1975. “Biochemistry, a
Case-Oriented Approach.” Biochemical education 3(2): 203.
Muscat, J. E, A. Liu, and J. P. Richie. 2011. “A Comparison of Creatinine vs. Specific
Gravity to Correct for Urinary Dilution of Cotinine.” Biomarkers 16(3): 206–11.
Proulx, N. L. et al. 2005. “Measured Creatinine Clearance from Timed Urine Collections
Substantially Overestimates Glomerular Filtration Rate in Patients with Liver
Cirrhosis: A Systematic Review and Individual Patient Meta-Analysis.” Nephrology
Dialysis Transplantation 20(8): 1617–22.
Roberts, B. M. et al. 2018. “Use of Urinary 13,14, Dihydro-15-Keto-Prostaglandin F2α
Concentrations to Diagnose Pregnancy and Predict Parturition in the Giant Panda
(Ailuropoda melanolecua).” Manuscript submitted for publication.
Ross, L. A., and D. R. Finco. 1981. “Relationship of Selected Clinical Renal Function
Tests to Glomerular Filtration Rate and Renal Blood Flow in Cats.” American
journal of veterinary research 42(10): 1704–10.
Sawyer, W. T. et al. 1982. “A Multicenter Evaluation of Variables Affecting the
Predictability of Creatinine Clearance.” American Journal of Clinical Pathology
78(6): 832–38.
Schneider, U., E. A. Schober, N. A. Streich, and S. J. Breusch. 2002. “Urinary Creatinine
Instability Falsely Increases the Deoxypyridinoline/creatinine Quotient.” Clinica
Chimica Acta 324(1–2): 81–88.
Sims, E. A. H., and K. E. Krantz. 1958. “Serial Studies of Renal Function during
Pregnancy and the Puerperium in Normal Women.” The Journal of Clinical
Investigation 3(11): 1764–74.
Taussky, H. H. 1954. “A Microcolorimetric Determination of Creatinine in Urine by the
Jaffé Reaction.” J Biol Chem 208: 853–61.

148

Taussky, H. H. 1956. “A Procedure Increasing the Specificity of the Jaffe Reaction for
the Determination of Creatine and Creatinine in Urine and Plasma.” Clinica Chimica
Acta 1: 210–24.
Thibodeaux, J. K. et al. 1989. “The Use of Regractometer Indexes as a Correction Factor
for Varying Urinary Estrone Conjugates in Rhesus Monkeys.” Theriogenology
31(1): 265.
Thibodeaux, J. K. et al. 1990. “The Refractometer Index as a Correction Factor for
Urinary Estradiol in Rhesus Females.” Journal of Medical Primatology 19(5): 493–
99.
Wauters, J. et al. 2017. “The Alternative Application of Urinary Specific Gravity for the
Normalisation of Endocrine Metabolite Concentrations in Giant Panda (Ailuropoda
melanoleuca) Reproductive Monitoring.” In Proceedings of the 6th International
Society of Wildlife Endocrinology Conference, Orlando, FL, 52.
White, B. C. et al. 2010. “Specific Gravity and Creatinine as Corrections for Variation in
Urine Concentration in Humans, Gorillas, and Woolly Monkeys.” American Journal
of Primatology 72(12): 1082–91.
Wyness, S. P., J. J. H. Hunsaker, T. M. Snow, and J. R. Genzen. 2016. “Evaluation and
Analytical Validation of a Handheld Digital Refractometer for Urine Specific
Gravity Measurement.” Practical Laboratory Medicine 5: 65–74.

149

ANALYZING BIOLOGICAL MATRICES AND NORMALIZATION TECHNIQUES
FOR QUANTIFYING STRESS IN THE COLORADO BOREAL TOAD
(ANAXYRUS BOREAS BOREAS)

Introduction
Urination is a behavioral response to acute menace activity in vertebrate
amphibian species, promoting readily available samples in a short and continuous
collection period. In 2010, Narayan et al. established methods for the quantification of
urinary corticosterone metabolites in the endangered Fijian ground frog (Platymantis
vitiana) that have since been applied to four additional anuran species (Graham et al.
2013; Kindermann, Narayan, and Hero 2012; Narayan et al. 2010; Narayan 2013). Other
sources analyzed for the quantification of stress levels in amphibians include aquatic
media (Gabor, Fisher, and Bosch 2013), saliva (Janin et al. 2012), and skin swabs
(Santymire, Manjerovic, and Sacerdote-Velat 2015). Notably in bufonids, venom is
produced and secreted through the skin and parotid glands containing steroid hormones
shown to have cytotoxic activities (Banfi et al. 2016). This biological response requires
further investigation prior to implementation as a method for monitoring glucocorticoids
in bufonids.
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The hypothalamic-pituitary-adrenal axis triggers a chain reaction stimulating the
secretion of glucocorticoids and the fight or flight behavioral response (Cockrem 2007;
Sapolsky, Romero, Munck 2000). In amphibians, the corticotropin releasing hormone is
excreted from the hypothalamus acting upon the anterior pituitary gland. This provides
stimulus for the release of the adrenocorticotropic hormone (ACTH) into the blood
circulatory system, stimulating the release of glucocorticoids from the adrenal cortex.
The primary glucocorticoid produced in amphibians in vitro (Cockrem 2007) and in vivo
(Jungreis 1970) is corticosterone; however, cortisol concentrations have been observed to
quantify stress levels in vitro via skin swabs (Santymire, Manjerovic, and SacerdoteVelat 2015). In the event of prolonged chronic stress on an individual, glucocorticoid
levels may remain elevated resulting in adverse effects (Bliley and Woodley 2012);
because of this, captive amphibian programs strive to reduce chronic stress situations by
decreasing handling and implementing natural environments.
Endocrinologists evaluate reproductive and stress hormones with
radioimmunassays (RIA) and enzyme immunoassays (EIA) that depend on antibody
binding specificity to specific antigens (Brown 2008). Due to the cost and risky nature of
the radioactive reagents required for RIAs, EIAs have been largely used in more recent
studies. Glucocorticoid measurements using EIAs have been implemented in urine and
feces among a variety of vertebrate species including mammals, birds, reptiles, and
amphibians. The most common EIA implemented in wildlife endocrinology is the singleantibody EIA, but antibody supplies are limited.
With urine samples readily and non-invasively obtainable, they are reliable
sources for monitoring glucocorticoid metabolites. Water content varies in urine as a
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function of osmoregulation in the bladder (Duellman and Trueb 1994) and must be
accounted for when calculating urinary metabolite concentrations. In 1938, Forster found
creatinine (CR) clearance in anurans to be an accurate measurement of glomerular
filtration activity. CR is a byproduct of muscle metabolism, released into the blood
stream, and filtered through the kidneys (Montgomery et al. 1975). During filtration, CR
is not conserved, thus theoretically excreted at a constant rate providing a resource for
normalization (Diskin 2007; Proulx et al. 2005). The colorimetric assay established by
Taussky (1954) for the quantification of CR levels is the academic standard in wildlife
endocrinology and implemented across taxa. Mammal CR studies have shown that
excretions can be dependent on body weight (Barber and Wallis 1986), diet (Jacobsen et
al. 1979), age and sex (James et al. 1988), disease (George 2001; Chadha et al. 2001), and
populations (Miller et al. 2004) within species. Another major concern of using CR as a
normalization factor, specifically for amphibians, is the question of whether this
application appropriately applies across classes and clades.
Urine osmolality (OS) and specific gravity (SG) are alternative techniques to
assess urine dilution factors. OS is the total number of solutes in the solution and
considered the gold standard in human and veterinary medicine (Hendriks, De Bruijne,
and Van Den Brom 1978). Due to the financial expense of osmometers, veterinary
practitioners are increasingly using hand-held refractometers which have been validated
in numerous studies for mammalian species including humans (Wyness et al. 2016),
feline (Di Bella et al. 2014), and canine (Dossin et al. 2003) urine specimens. SG is the
ratio of the relative density of urine to water, thus dependent on the weight, size, and
number of solutes (Muscat et al. 2011). Recent studies in bats (Eshar et al. 2017) and
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parrots (Brock et al. 2013) discovered strong positive correlations between CR, SG, and
OS. SG was implemented to normalize urinary reproductive hormones estrone and
testosterone in the Mississippi gopher frog (Lithobates sevosa) (Graham et al. 2016), but
CR and SG comparisons were not assessed.
This study aims to investigate the relationship among CR, SG, and OS as
potential urinary normalization methods for Colorado boreal toad (CBT) urine
metabolites. Secondly, three commercially available enzyme immunoassays were
compared for the assessment of glucocorticoids in the urine and skin swabs of the CBT.
A biological validation in the CBT was implemented to assess urine and skin swab
glucocorticoids for enzyme immunoassay comparisons. Furthermore, CR and SG
corrected urinary corticosterone concentrations were analyzed in parallel with skin swab
corticosterone concentrations.
Materials and Methods
Animals
Colorado boreal toads (Anaxyrus boreas boreas) were housed at Mississippi State
University’s (MSU) Amphibian Conservation Lab in Starkville, MS, USA. Adult females
(n = 2) were broodstock individuals located at the Native Aquatic Species Restoration
Facility (NASRF) in Alamosa, CO, but transferred to MSU in October of 2010. During
this study, female ages were 12 and 15 years of age with weights averaging 48g. The
adult males used in the study arrived in November of 2014 with ages ranging from 7 to
15 years of age. Weights ranged from 33 to 50g with an average weight of 42g.
Individuals were identified based on characteristic patterns on their dorsal and ventral
sides. Animal husbandry practices and experimental protocols were approved by
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Mississippi State University Institutional Animal Care and Use Committee (IACUC #17189).
The female boreal toads were housed separate from males in a 10 gallon glass
tank (61cm L x 23cm W x 33cm H) on a tilt allowing water to form a pool at one end,
while a rock hide was provided for cover or climbing on the high sloped end. Male boreal
toads were housed together in a single plastic polycarbonate tanks (30cm L x 46cm W x
66cm H; Habitat Systems Limited, Des Moines, IA). The bottom of the tank was covered
in approximately 2” of a 50/50 ratio of cultured soil (Natures Care, Organic Garden Soil,
Miracle Grow) and coconut fibers (Compressed Coconut Fiber Expandable Substrate,
Eco Earth, Zoo Med). A rock hide and clay pot were provided for cover with moistened
organic moss placed around the clay pot. Also, two age tapped water bowls were placed
inside the tank with rocks placed inside and around the bowls for footing.
To implicate natural photoperiods, all animals at MSU were kept on a natural
light cycle based on local conditions (Memphis, TN; 33.1495° N, 90.0490° W). Tanks
were cleaned and fresh substrate was added once per month, but fresh water was
provided on a weekly basis. Feeding regiments rotated between mealworms and crickets
three times per week. Mealworms and crickets were fed and gut loaded prior to
distribution with fresh fruits and vegetables (apples, sweet potatoes, carrots, and collard
greens). Repashy “Superload” supplement (Repashy Ventures Inc., Oceanside, CA) was
fed in correlation with the fresh food, while the crickets and mealworms were dusted with
calcium (Aqua Culture Calcium with D3; Wal-Mart Stores, Inc., Bentonville, AR) prior to
feeding.
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Experiment I: Evaluation methods of urine normalization in the Colorado boreal
toad
Urinary sampling technique
Animals were stimulated to urinate over a wide petri dish and with legs spread to
ensure urine excreted would be captured on the dish below. Prior to urine collection, the
plate was cleaned with 70% EtOH for the prevention of hormone contamination and the
posterior end of the animal was dried to prevent excess water mixing with sample.
Samples were immediately collected in a 1.5 ml centrifuge tube (#05-408-129;
FisherScientific, Pittsburgh, PA), properly labeled and placed in a freezer (-20°C) until
analysis.
Jaffe method, hand-held refractometer, and osmometer analysis
Urine collections from (n =5) individuals consisted through the months of May
through June in 2017. A total of 62 urine samples were collected and assessed in the
study. CR concentrations in toad (A. boreas boreas) urine were determined using the
Jaffe method with undiluted samples (Taussky 1954; Narayan et al. 2010). Optical
densities of the wells were assessed using a SpectraMax Plus 384 microplate reader
(Molecular Devices, Sunnyvale, CA). SG was assessed using a Palm AbbeTM handheld
refractometer (#PA203X; MISCO®, Solon, OH) with four different scales and ranges;
human SG (#093; D20/20, 1.0000–1.0450), large animal SG (#098; D20/20, 1.0000–
1.0650), urea refractive index (#629; nD, 1.3330–1.4140) and urine refractive index
(#746; nD, 1.3330–1.5000). The refractometer was calibrated and 100 μl of undiluted
sample was used to calculate a value for each sample. A benchtop osmometer (Model
5600; Vapro®, Logan, UT) was used to determine OS. The osmometer was calibrated
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prior to use and between every ten to fifteen samples with supplied opti-mole OS ampule
standards 100, 290, and 1000 mmol/kg. Respectively, scientific units for CR and OS are
μg/ml urine and mmol/kg, however SG does not have a scientific unit. Three replicates
were ran for each general methodology and refractometer setting.
Experiment II: Assay validation and application of stress hormone obtained noninvasively in skin swabs and urine from the Colorado boreal toad
Individuals were injected with the adrenocorticotropic hormone (ACTH) to elicit
a biological stress response and ultimately validate a commercial glucocorticoid assay.
Skin swab sampling and extraction techniques
Skin swab collection and extraction methods developed by Santymire,
Manjerovic, and Sacerdote-Velat (2015) were implemented with modifications. Fresh
disposable gloves were employed for each individual and collection period to minimize
decontamination. Prior to sample collections, animals were gently wiped down with a
kimwipe to get off any excess enclosure media and/or water. Immediately following, the
animal was contained in one hand, and gently but firmly swabbed dorsal side up and
down three times in each location depending on the version implemented (See Figure
5.1). The puritan (cotton head and wood shaft) swab (#10806-005; VWR, Radnor, PA)
was stored in a 2 ml centrifuge tube (#05-408-138; FisherScientific, Pittsburgh, PA)
containing 1 ml or 1.5 ml of 70% EtOH (#A405F; FisherScientific, Pittsburgh, PA) and
parafilm was wrapped around the lid to minimize leakage and/or evaporation. If
evaporation or spilling occurred sample was no longer valid and excluded from further
analysis. Samples were stored in a -20°C freezer until extraction and hormone analysis.

156

A.

B.

Figure 5.1

C.

Skin swab collection techniques

Versions A and B maybe implemented for frogs or toads, but version C is only
used for toads because frogs do not have parotid glands. Version A: Swab right and left
dorsal surface (back) up and down three times covering approximately a one inch length
of the animal. Version B: Swab dorsal surface up and down three times covering
approximately a one inch length of the animal’s brow spot (between the eyes). Version
C: Swab each location up and down three times covering approximately a one inch
length of the animal’s brow spot, left and right dorsal surface (back), and each parotid
gland.
The extraction protocol established and implemented by Santymire, Manjerovic,
and Sacerdote-Velat (2015) was selected and modified. From this protocol two versions
were instigated for this experiment. Version A: Swabs were stored in 1 ml EtOH.
Version B: Swab were stored in 1.5 ml EtOH. All swab samples were vortexed for five
minutes and aliquoted 0.5 ml into a new 2 ml centrifuge tube. Extracts were placed in a
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ventilating hood with caps open for 60 hours (or until completely dry). Once dry, samples
were reconstituted (1:1) with 0.5 ml PBS (#BP2944; FisherScientific, Pittsburgh, PA),
sonicated with a Flexzion Commercial Ultrasonic for 20 minutes and vortexed for 30
minutes. Samples were analyzed immediately, stored at 4°C (no more than 3 days), or
kept frozen at -20°C.
Female Colorado Boreal Toad ACTH Challenge
A 250μg ACTH vial was reconstituted in a 0.5 ml saline solution and used
immediately. ACTH was administered at 0.446 μg ACTH per gram bodyweight (A-0298,
Millipore Sigma, St. Louis, Missouri) in a 100 μl saline solution. Hormone dosages were
prepared for two female Colorado boreal toads (CBT) in sterile tubes (Biopur
#022600028; Eppendorf North America, Hauppauge, NY) from the stock solution and
administered intraperitoneally (IP) using a BD PrecisionGlideTM 27G x ½ inch needle
(#305109. BD, Franklin Lakes, NJ) and 1 ml sterile syringe (NORM-JECT #4010200V0, Henke-Sass Wolf, Tuttlingen, Germany). Prior to the ACTH challenge, the same
two individuals were injected with 100μl saline (control) solution. The dosage and
method of delivery were identical to those used for the Fijian ground frog (Platymantis
vitiana) by Narayan (2010) and various amphibian species by Santymire, Manjerovic,
and Sacerdote-Velat (2015).
Skin and urine samples were collected in parallel from each individual three days
pre-injection (Day -3 to Day 0; baseline) and six days post-injection. Daily samples were
collected between 0800 and 0900. Injections were administered between 0800 and 0900
on Day 0. During the first 24 hours post injection, skin swabs were collected every 2
hours and urine was collected every 4 hours. 36 hours post injection (2000 and 2100
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hour) both skin swab and urine samples were collected. Urine samples were collected
following the protocol explained in Experiment I, however if urine was not expressed, the
technique was modified slightly with the insertion of a small catheter tubing (#BB31785V/5; Scientific Commodities Inc., Lake Havasu City, AZ) into the cloaca to draw urine
via capillary action. Skin swab collection and extraction protocols used in this study were
version B methodology and extraction protocol version A. This experiment was
conducted during the winter month of January 2017, with at least a week delay between
the saline and hormone treatment.
Enzyme immunoassays
Based on previous research in other anuran species (Santymire, Manjerovic, and
Sacerdote-Velat 2015; Narayan et al. 2010), two hormones, cortisol and corticosterone,
were selected for potential quantification of glucocorticoids. Kits used for validation were
DetectX Cortisol Enzyme Immunoassay (EIA) kit (#K003; Arbor Assays, Ann Arbor,
MI), DetectX Corticosterone EIA kit (#K014; Arbor Assays, Ann Arbor, MI), and
Corticosterone ELISA kit (#501320; Cayman Chemical, Ann Arbor, MI). The
manufacturing information for the Arbor Assay (AA) cortisol EIA kit states the cross
reactivity for the cortisol antibody was 100% with cortisol, 18.8% with dexamethasone,
7.8% with prednisolone (1-dehydrocortisol), 1.2% with corticosterone, 1.2% with
cortisone, and less than 0.1% with progesterone, estradiol, and cortisol 21-glucuronide.
The AA corticosterone EIA kit states the cross reactivity for the corticosterone antibody
was 100% with corticosterone, 12.3% with desoxycorticosterone, 0.76% with
tetrahydrocorticosterone, 0.62% with aldosterone, 0.38% with cortisol, 0.24% with
progesterone, 0.12% with dexamethasone, less than 0.1% with corticosterone-21159

hemisuccinate, cortisone, and estradiol; while the Cayman Chemical (CC) corticosterone
ELISA assay kit corticosterone antibody had a cross reactivity of 100% with
corticosterone, 15.8% with 11-deoxycorticosterone, 3.4% with prednisolone, 2.9% with
11-dehydrocorticostone, 2.5% with cortisol, 1.4% with progesterone, 0.47% with
aldosterone, 0.21% with 17α-hydroxyprogesterone, 0.14% with 11-deoxycortisol, 0.11%
with androstenedione, 0.07% with testosterone, 0.03% with pregnenolone, 0.0005% with
DHEA sulfate, and less than 0.01% with androstenediol, dexamenthasone, DHEA, 5αDHT, estradiol, estriol, estrone sulfate, ethynylestradiol, and 17α-hydroxypregnenolone.
Assay sensitivities established by the manufacturer were determined to be 17.3 pg/ml for
the AA EIA cortisol kit, 18.6 pg/ml for the AA EIA corticosterone kit, and 30 pg/ml for
the CC ELISA corticosterone kit. Optical densities of the wells were read using a
SpectraMax Plus 384 microplate reader (Molecular Devices, Sunnyvale, CA) at the
recommendation of the manufacturer, respectively 412 and 450nm. A free online analysis
program called ELISA (Competitive) Analysis Tools (Cayman Chemical, Ann Arbor,
MI, USA) was used to analyze data using the four parameter logistic curve protocol.
Enzyme immunoassay validation
Serial dilutions of pooled toad urine and skin swabs from 8 to 48 hour collections
for each individual were chosen based on projected high levels of glucocorticoids. Pools
were diluted with the corresponding assay buffer and parallelism was compared between
standard curves of each assay. Based on the results of the sample and standard curves,
urine and skin swabs displayed parallel displacement with corticosterone standards, but
not cortisol standards. The direct measurement of corticosterone was detectable at high
(>300 pg/ml) and low (>300 pg/ml) concentrations using the CC ELISA, while the AA
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EIA only detected high concentrations; therefore, further analysis was conducted with the
CC ELISA. Dilution factors were determined based on serially diluted pooled samples
parallel curve at approximately 50% binding. The recommended dilution for urine is 1:8
and 1:4 dilution for skin swab extractions (Figure 5.3).
Male Colorado Boreal Toad ACTH Challenge
ACTH lyophilized powder (A-0298, Millipore Sigma, St. Louis, Missouri) was
reconstituted in 2.0 ml of saline solution, totaling a concentration of 500 μg/ml. Dosages
were brought up immediately and the remaining vial was stored at -20°C. Male toads
(n=3) were administered an IP injection of saline containing either: 0.223 μg g-1 (half
treatment); or 0.446 μg g-1 (full treatment) bodyweight ACTH in a total volume of 300
μl. Injections were prepared using the same method outlined above for the female boreal
toads. Each male was subjected to the control and each experimental group once; with the
exception of a fourth male in the saline trial. This experiment was conducted between
June and August 2017, with at least a week delay between each hormone treatment. Skin
swab version C and extraction protocol B were implemented in this study. To investigate
the effect that stressed boreal toads may have on each other ACTH challenge was
conducted in late August to early September 2017. Two males were chosen at random
and injected with a full ACTH dosage, while the third male was injected with the control
solution. Version C swabbing technique and version A extraction protocol was used.
Overall, a total of five control, 3 half treatment, and 5 full treatment profiles were
obtained.
Skin and urine samples were collected from each individual at least two days preinjection and six days post-injection. Daily samples were collected between 0800 and
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0900. Injections were administered between 0800 and 0900 on Day 0. During the first 24
hours post injection, skin swabs were collected every 2 hours and urine was collected
every 4 hours. 36 hours post injection (2000 and 2100 hour) both skin swab and urine
samples were collected. Urine samples were collected and analyzed with the CC ELISA
assay, previously validated in female boreal toads. If a percent binding of less than 20%
and greater than 80% occurred, the sample was rerun at the according (higher or lower)
dilution when possible. All sample coefficients of variation (CV) were less than 20%.
Jaffe method and hand-held refractometer analysis
Urinary normalization techniques are as described earlier in Experiment I, with
the exception that osmolality was not assessed. Final urinary hormone concentrations
were reported for CR and SG as pg/µg Cr and pg/ml, respectively.
Calculations for hormone normalization using CR for each sample is as follows:

𝑆𝑆𝑟𝑟𝑟𝑟 ℎ𝑜𝑜𝑆𝑆𝑆𝑆𝑜𝑜𝑜𝑜𝑆𝑆 𝑆𝑆𝑜𝑜𝑜𝑜𝑆𝑆𝑆𝑆𝑜𝑜𝑆𝑆𝑆𝑆𝑟𝑟𝑆𝑆𝑐𝑐𝑜𝑜𝑜𝑜 (
𝑆𝑆𝑛𝑛 𝐶𝐶𝑆𝑆
�
𝑆𝑆𝑚𝑚

𝑆𝑆𝑆𝑆𝑆𝑆𝑟𝑟𝑆𝑆𝑐𝑐𝑜𝑜𝑐𝑐𝑜𝑜𝑆𝑆 �

𝑜𝑜𝑛𝑛
)
𝑆𝑆𝑚𝑚 = CR corrected concentration (𝑜𝑜𝑛𝑛⁄𝑆𝑆𝑛𝑛 Cr)

The SG correction formula applied to each samples was as follows:
𝑜𝑜𝑛𝑛 (𝑆𝑆𝑆𝑆𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆𝑟𝑟𝑛𝑛𝑆𝑆 − 1.0)
�∗
(𝑆𝑆𝑆𝑆𝑆𝑆𝑟𝑟𝑆𝑆𝑆𝑆𝑚𝑚𝑆𝑆 − 1.0)
𝑆𝑆𝑚𝑚

𝑆𝑆𝑟𝑟𝑟𝑟 ℎ𝑜𝑜𝑆𝑆𝑆𝑆𝑜𝑜𝑜𝑜𝑆𝑆 𝑆𝑆𝑜𝑜𝑜𝑜𝑆𝑆𝑆𝑆𝑜𝑜𝑆𝑆𝑆𝑆𝑟𝑟𝑆𝑆𝑐𝑐𝑜𝑜𝑜𝑜 �

= 𝑆𝑆𝑆𝑆 𝑆𝑆𝑜𝑜𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐 𝑆𝑆𝑜𝑜𝑜𝑜𝑆𝑆𝑆𝑆𝑜𝑜𝑆𝑆𝑆𝑆𝑟𝑟𝑆𝑆𝑐𝑐𝑜𝑜𝑜𝑜 (𝑜𝑜𝑛𝑛⁄𝑆𝑆𝑚𝑚)

The SGaverage is a population mean. The average SG used from Experiment I was
1.0019 (n=70).
162

Statistical analysis
Prior to statistical analysis the Shapiro-Wilk normality test along with skewness
and kurtosis were conducted to determine parametric properties. Dependent on the
parametric results, pearson (parametric) and spearman rho (non-parametric) correlations
were elicited to examine relationships between CR, OS, and refractometer settings human
SG, large animal SG, urea RI and urine RI. All urinary corrected correlation tests were
two-tailed with an alpha level of 0.05. Colorado boreal toad corticosterone concentrations
are expressed as the mean + the standard error of the mean. Kruskal-Wallis non
parametric ANOVAs were used to assess effects of time and dosage on skin swab and
urinary corticosterone metabolite concentrations. SG and CR corrected urinary hormone
levels were compared using Kruskal-Wallis and pairwise comparisons using Conover’s
test for multiple comparisons of independent samples. The Bonferroni adjustment was
implemented on multiple comparison p values to decrease type I errors. Differences in
skin swabs were considered significance at α < 0.05, while the urinary significance level
was set at α < 0.10. Statistics were performed in SPSS 24 software (IBM, Armonk, NY),
SAS Version 9.4 (Cary, North Carolina), R Studio (Boston, Massachusetts). Plots were
created in Sigma Plot 12.5 (Systat software, San Jose, CA).
Results
Experiment I: Evaluation methods of urine normalization in the Colorado boreal
toad
Table 5.1 and Figure 5.2 show the correlation coefficient results of five subjects,
four males and one female, included in the study. Each subjects SG correlations, human
and large animal, were within four hundredths of a decimal place. RI correlations, urea
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and urine, were consistently within a single tenth decimal place. Of the refractive meter
settings, human SG and urine RI displayed the strongest correlations for each individual.
OS and human SG resulted in the highest correlation among each individual ranging
(0.74–1.0) and at the overall (full) model (Figure 5.2F: Spearman Rho = 0.94, N=63,
P<0.05). Full model level, all four refractometer settings were all within three hundredths
of a decimal place. SG correlations between CR ranged 0.82 to 0.85 (Figure 5.2: A, B, D,
E) compared to CR and OS with a spearman rho correlation of 0.78 (Figure 5.2C).
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b

0.53c

Urine

0.85
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0.49c
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Refractive
Index

OS
(N=62)

CR
0.78ac
(N=62)

OS

0.94ac

0.84ac

Human

0.93ac

0.83ac

Large
Animal

Specific Gravity

Overall

Urine

0.90ac 0.93ac

0.82ac 0.85ac

Urea

Refractive
Index

Individual and overall correlation coefficients of creatinine (CR), osmolality (OS), and four refractometer settings.

Gender Subject

Table 5.2

Correlation is significant at the 0.05 level (two-tailed)
Pearson Correlation
c
Spearman Rho Correlation

a
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A

D

Creatinine (ug/ml)

1.006

1.008

1.010

1.336
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0
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0
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Full model correlations (N=62).
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100
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Osmolality (mmol/kg)

100

Osmolality (mmol/kg)

250
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300

300

A: CR vs. Human SG spearman rho = 0.84. B: CR vs Animal SG spearman rho = 0.83. C: CR vs. OS spearman rho = 0.78. D: CR
vs Urine RI spearman rho = 0.85. E: CR vs. Urea RI spearman rho = 0.82. F: Human SG vs. OS spearman rho = 0.94.

Figure 5.2
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Table 5.3

Spearman rho correlations between creatinine and specific gravity from
two models combined into one complete model
CR vs. SG
Full Model
(N=62)
ACTH Urine
(N=81)

a

CR vs. SG

0.84a

Full + ACTH
(N=143)

0.73a

Correlation is significant at the 0.05 level (2-tailed)
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0.77a

Based on the results from the creatinine comparison study, only CR and human
SG values were obtained from the ACTH challenge urine samples. Table 5.2 displays CR
and human SG correlation results from each experiment separately and together. With a
total of 143 urine samples, the overall correlation between CR and human SG is 0.77
with a p value of less than 0.05.
Experiment II: Assay validation and application of stress hormone obtained noninvasively in skin swabs and urine from the Colorado boreal toad
Assay validation
Validation tests performed for three commercial enzyme immunoassays to
reliably measure stress levels in Colorado boreal toad urine samples. Displayed in Figure
5.3, Skin swab and urine pooled samples were parallel to the standard curve in Cayman
Chemical’s (CC) corticosterone ELISA assay. CC assay ranges 8.2 to 5000 pg/ml,
compared to Arbor Assays’s corticosterone EIA range of 78.125 to 10000 pg/ml.
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Graphs comparing parallelism curves between Cayman Chemical (A and B) and Arbor
Assays (C and D) corticosterone enzyme immunoassay kits Female boreal toad skin swab
dilution curves are graphs A and B; urine dilution curves are graphs B and D.
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Biological validation
During the experiment one individual displayed signs of illness. As a result, days 5
and 6 were excluded from data analysis.
Measuring corticosterone in skin swabs
As shown in Figure 5.4, there is a significant difference (Kruskal-Wallis: ChiSquare = 46.83, df = 2, P <0.0001) between treatment groups (Control; Low: 0.223µg g-1:
High: 0.446µg g-1) and skin swab corticosterone concentrations. Similarly, corticosterone
concentration rankings varied between time points (Kruskal-Wallis: Chi-Square = 34.65,
df = 20, P<0.05). Corticosterone concentrations in the saline treatment group peaked at
concentrations above 200 pg/ml six out of the 20 time points. In contrast, the low ACTH
dosage elicited stress levels about 200 pg/ml at a single time point (105 minutes) and the
high ACTH dosage never elicited levels above 200 pg/ml. Ranking distribution of
corticosterone concentrations were significantly different (P<0.05) between dosages at
time points 72 hr and 144 hr. Pairwise comparisons with a Bonferroni adjustment at 72
and 144 hour time points both displayed significant differences (P<0.05) in stress levels
between the control and low ACTH dosage.
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Figure 5.4
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Corticosterone measurements in urine samples
Colorado boreal toad individuals did not produce urinary samples at each
collection period. High variance between and within individuals was observed at all
treatment levels. Figure 5.5 displays the CR (A) and SG (B) corrected urinary
corticosterone concentrations determined in this experiment. CR corrected urinary
corticosterone metabolite concentrations ranged from 48.6 to 592.6 pg/µg CR post
treatment. Median CR corrected urinary corticosterone metabolite concentrations peaked
12 hours post high ACTH dose treatment. General peaks for all three treatments were at
36, 60 and 72 hours post treatment. There were significant effects on median CRcorrected urinary corticosterone metabolites between individuals (Kruskal-Wallis: ChiSquare = 32.68, df = 3, P<0.0001). CR-corrected urinary concentrations were not found
to be significant between treatments (Kruskal-Wallis: Chi-Square = 4.09, df = 2, P=0.13)
or collection points (Kruskal-Wallis: Chi-Square = 9.85, df = 11, P=0.54). Distribution of
CR corrected urinary corticosterone concentrations is the same across dosages at all
collection points and treatments except for the first urinary collection, 12 hours post
injection, between the control and high treatment groups (p<0.1). Stress levels peaked to
550 pg/ug Cr 12 hours post ACTH high dosage. Only one urinary sample, with enough
volume, was provided during the low dosage experiment to quantify corticosterone
concentrations. SG corrected urinary corticosterone metabolites provided defined peaks
between treatment groups. There was a significant difference in median metabolite
concentrations between individuals (Kruskal-Wallis: Chi-Square = 27.88, df = 3,
P<0.0001) and treatment groups (Kruskal-Wallis: Chi-Square = 22.15, df = 2, P<0.0001).
Pairwise comparisons results reveal significant differences between the control treatment
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and both ACTH treatments (p<0.01). Low and high treatment group comparisons resulted
in a p value of 0.14. Kruskal-Wallis ANOVA demonstrated significant differences
(p<0.1) between the metabolite concentrations and treatments at collection points 12, 24,
and 144 hours post treatment. However, pairwise comparisons with Bonferroni
corrections resulted in significance greater than a p value of 0.1 in all three collection
time points, ultimately concluding no significant difference among collection points and
treatment groups. SG corrected corticosterone metabolites ranged 335.6 to 3520.6 pg/ml
post treatment.
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Discussion
This study is the first to exhibit correlations between SG, OS, and CR in any
amphibian species at either the individual or population level. Overall, OS, SG and RI
were all found to be potential replacement normalization techniques for CR. We
anticipated strong correlations between refractometer settings (RI and SG) since SG is
calculated from RI. The refractometer measures RI by the angle of refraction between air
and an aqueous solution, which can be converted to total soluble solids (Muscat et al.
2011). Correlations within subjects were generally similar to the overall correlations,
except for one individual with very minimal correlation, if any, to all normalization
techniques. It is unknown whether the individual had kidney disease or other health
concerns to consequently affecting CR and/or SG. SG has been shown to vary by disease,
particularly with kidney damage and diabetes, both of which alter protein and glucose
concentrations in urine (Newman et al. 2001; Pradella, Dorizzi, and Rigolin 1988). These
molecules have relatively large molecular weights compared to the standard urine
molecular composition of urea and sodium chloride. Because SG measures density ratios,
high molecular weight molecules result in inaccurate SG values.
The single female individual resulted in the highest correlations among all four
refractometer settings and CR. More female individuals would need to be assessed to
confidently conclude possible gender differences in the CBT. In the overall model, SG
and RI correlations varied by only three hundredths of a decimal point. OS correlations
with CR were the lowest of the five categories, but consistently showed strong
correlations with SG and RI measurements. With strong correlations and no significant
difference between the refractometer settings, human SG (refractometer standard setting)
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was selected for further investigation for the normalization of urinary hormone
metabolites.
The Cayman Chemical corticosterone ELISA kit #501320 (Ann Arbor, MI) was
validated for the use of quantifying CBT skin swab and urinary corticosterone
metabolites. This assay was previously implemented for quantifying corticosterone
metabolites in urine and saliva of the common toad (Bufo bufo), but a biological
validation was not performed (Janin, Lena, and Joly 2011; Janin et al. 2012). Arbor
Assays’s (Ann Arbor, MI) corticosterone and cortisol EIAs were tested for quantifying
glucocorticoids in CBTs. The corticosterone EIA displayed parallelism at the lower
concentration boundaries with greater than 80% binding and was found to be unreliable.
No parallelism occurred between the samples and standards in the cortisol EIA.
A biological validation in the CBT, with the implementation of an ACTH
challenge, elicited a physiological response with an increase in CR corrected urinary
corticosterone metabolites 12 hours post treatment and with no detectable response to a
saline dosage. Only one study prior to this experiment had assessed urinary
corticosterone responses in adult toads. Cane toad (Rhinella marina) urinary
corticosterone were found to be elevated one and two days post ACTH treatment
(Narayan, Cockrem, and Hero 2011). Similar findings were found in the Fijian ground
frog (Platymantis vitiana) where corticosterone increased 6 hours post ACTH treatment
and peaked up to two days post treatment before levels declined back to baseline
(Narayan et al. 2010). Other amphibian stress studies incorporating short-term capture,
capture handling, and toe clipping generally saw urinary corticosterone levels increase
within 2 hours and last up to two days post stressor (Narayan et al. 2011; Narayan,
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Cockrem, and Hero 2012). Dosages implemented in all of the ACTH challenges by other
researchers were equivalent to the high dosage used in our study. Saline treatment results
did not result in low and smooth profiles in the CBT compared to those displayed in the
cane toad (Narayan et al. 2011). The lack of significantly lower urinary corticosterone
levels in CBT maybe a result of chronic stress disrupting the negative feedback to the
hypothalamic-pituitary-adrenal axis (Romero 2004). Similar results were suggested for
the lack of difference in plasma corticosterone levels between repeatedly handled and
control subjects in the Ocoee salamander (Desmognathus ocoee) (Bliley and Woodley
2012).
Prior to the use of non-invasively collected samples, blood was the dominant
source in amphibians. ACTH challenges previously implemented in amphibians
demonstrated an increase in plasma glucocorticoid levels (Carstensen, Burgers, and Li
1961; Leboulenger et al. 1977; Rosenthal and DeRoos 1985; Hopkins, Mendonca, and
Congdon 1999) and in many other vertebrate species such as the New Zealand common
gecko (Hoplodactylus maculatus) (Preest, Cree, and Tyrrell 2005). The whistling frog
(Litoria ewingi) plasma corticosterone increased at 30 minutes and peaked at 3 hours
(Coddington and Cree 2005), while the water frog (Rana esculenta) significantly
increased at 30 and 60 minutes post stressor (Gobbetti and Zerani 1996). In the spotted
salamander (Ambystoma maculatum), Alleghney dusky (Desmognathus ochrophaeus),
and Ocoee salamander (Desmognathus ocoee) plasma corticosterone levels significantly
increased 30 minutes post capture in all species (Homan, Reed, and Romero 2003;
Ricciardella, et al. 2010; Woodley and Lacy 2010). The Alleghney and Ocoee levels were
also significantly higher 60 minutes post capture.
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Conservation researchers have deviated from using serum collections in
endangered species because of its invasive nature and the amount of stress it puts on an
animal. Urine samples are non-invasively collected and typically easy to come by. The
CBT was found to produce low levels of CR, therefore a respectively large portion of the
samples were allocated to CR measurements. SG was previously established earlier in the
study as a valid, reliable, and consistent source for the normalization of amphibian urine.
The implementation and validity of SG for urinary hormone correction was shown for the
first time, in adult toads of any species. Due to the non-destructive nature of SG
measurements roughly 45% more samples were included in hormone profiles, providing
a more robust data set.
SG corrected urinary corticosterone metabolites did not significantly differ among
time points, but concentrations noticeably increased 12 and 24 hours post ACTH
injection in both low and high treatment groups. A second peak was seen in the low
treatment group at 60 hours post injection. During this experimental period the facilities
air conditioning went down roughly 24 hours post injection for about two days. This
event resulted in temperature and humidity increases. This is what we believe to be the
cause of the second peak in corticosterone levels. In general, urine samples collected
during the saline treatment period and corrected by SG resulted in relatively small peaks
36 and 60 hours post stressor.
Quantifying corticosterone and reproductive hormones in amphibians has
expanded to other innovative non-invasive methodologies such as skin swabs (Santymire,
Manjerovic, and Sacerdote-Velat 2015), aquatic media (Gabor, Fisher, and Bosch 2013),
and saliva (Janin et al. 2012) to guarantee a sample for every collection time point. Skin
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swabs were collected in correlation with urine samples over a nine day period, in addition
to every 15 minutes post injection for 2 hours. Santymire, Manjerovic, and SacerdoteVelat (2015) was the first to evaluate and develop protocols for quantifying cortisol
concentrations by applying skin swabs on amphibians. Five species including the
American toad (Anaxyrus americanus), axolotl (Ambystoma mexicanum), red-spotted
newt (Notophthalmus viridscens), green tree frog (Hyla cinerea) and northern leopard
frog (Lithobates pipiens) were subjected to short-term handling trials. Swabs were
collected at 0, 15, 30, 45, 60, 90, and 120 minutes post-stressor. The American toad
cortisol levels peaked at 45 and 90 minutes, while the axolotl peaked at 60 and 90
minutes post stressor. The green tree frog and newt both displayed peak cortisol levels at
0 minutes post stress, while the green tree frog also peaked at the 30 minute time point.
The northern leopard frog peaked at the 15 minute collection. In our study with the CBT,
corticosterone concentrations from the saline treatment were significantly higher at time
points 72 and 144 hours post stressor. One possible explanation for inconclusive skin
swab hormone profiles, maybe the result of continuous chronic stress events, such as
handling. These events disrupt the negative feedback to the hypothalamic-pituitaryadrenal axis as previously discussed in the CR corrected urinary corticosterone results
(Romero 2004). Profiles across all treatment groups displayed inconclusive evidence for
the implementation to use swabs as an accurate method to quantify glucocorticoids in the
CBT.
Hibernation is an extrinsic factor to controlling timing in reproductive activity in
the CBT, therefore our facilities take part in mimicking this natural process. Animals
were given a grace period of one month post hibernation prior to stress experiments. In a
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study by Narayan and Hero (2011) Fijian ground frog (P. vitiana) corticosterone levels
were found to remain elevated after transportation (stressor) up to 15 days and did not
returned to baseline until after 25 days. In this study, the first experiment conducted post
hibernation was the saline (control) treatment in all four male individuals. A grace period
of 28 days was enforced in this study, but a longer period maybe required for CBT
corticosterone levels to return to baseline post hibernation. Further investigation into the
effect hibernation has on CBTs is necessary to accurately determine when skin swab and
urinary corticosterone levels return to baseline.
Overall, SG resulted in the strongest CR correlation, thus was implemented for
correcting corticosterone urinary metabolite concentrations in conjunction with CR. SG
corrected urinary corticosterone levels allowed roughly twice as many samples to be
included for analysis. With the ability to non-invasively collect urine, the evaluation of
urinary corticosterone metabolites has the potential to monitor the effects environmental
factors have on amphibian physiology. Further investigation and protocol development
for skin swabs to accurately examine amphibian stress physiology is required. Future
studies on amphibian stress physiology such as the effects of exogenous hormone
injections, hibernation, captivity, translocation, and comparisons between captive and
wild born individuals will enhance conservation and breeding programs.
Conclusions
Using Cayman Chemical corticosterone ELISA kits for the assessment of stress
levels in the CBT will be the most accurate due in respect to its low standard curve
compared to Arbor Assays’s corticosterone EIA kit. Normalization techniques including
CR, SG, and OS were assessed for correlations in urine samples and for monitoring stress
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levels in the CBT. With CR levels on the low end of the colorimetric assay standard
curve, a relatively high portion of undiluted sample is required for the quantification of
CR. CR is the current academic standard for normalization of urinary metabolites across
taxa, but amphibians provide low urine volumes. SG and OS provide the opportunity to
normalize urinary metabolites using a non-destructive and minimally destructive
technique. SG can be measured with a hand-held refractometer in the lab or in the field
and has the lowest cost of the three techniques. It is also a non-destructive and valid
method for normalization, but is inaccurate if the subject is ill with a disease that excretes
large molecular solutes into the urine, to which offsets the urine density. OS is unaffected
by solute weight, thus the most reliable in any given situation for urinary metabolite
normalization. The disadvantage is the expense of an osmometer and time to calibrate.
SG corrected urinary corticosterone metabolites rendered almost nearly twice the sample
size as CR corrected due to its non-destructive nature. Unfortunately, SG corrected
corticosterone profiles did not produced significant peaks between treatments and
collection time points. On the other hand, CR corrected corticosterone concentrations
showed a significant difference 12 hours post injection between the saline and full
treatments. To accurately determine glucocorticoids in skin swabs, protocol development
and alterations are required. The techniques in the study focused on the implications they
have in respect to the amphibian species, the Colorado boreal toad. Concluded results are
potentially advantageous for future studies in regard to amphibian physiology. Transferal
of these techniques to other amphibian species require further investigation.
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